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Abstract. The aim of this study was to develop and validate direct - swab and indirect - rinse sampling 

procedures and a high performance liquid chromatography (HPLC) method for simultaneous 

quantitative estimation of residues of active pharmaceutical ingredients (API) – lisinopril and 

hydrochlorothiazide (HCT) in cleaning control samples collected from pharmaceutical manufacturing 

equipment surfaces after manufacturing of lisinopril/hydrochlorothiazide 20/25 mg uncoated tablets. 

The swab and rinse sampling procedures were developed and validated in order to obtain a suitable and 

good recovery (>80%). The acceptance limits of the above-mentioned APIs on the manufacturing 

equipment surfaces have been established based on pharmacological and toxicological criteria.  

The new, rapid, specific and selective, developed HPLC method for simultaneous quantitative 

determination of lisinopril and HCT residues was validated with respect to robustness, system 

suitability test, specificity, linearity-range, precision, limits of detection and quantitation. The stability 

of APIs solutions and membrane filter compatibility were studied as well. The method validation was  

carried out according to ICH Q2 guideline and United States Pharamcopeia requirements. The limit of 

detection and the limit of quantitation for lisinopril were 0.039 µg/mL and 0.155 µg/mL and for HCT - 

0.012 µg/mL and 0.025 µg/mL, respectively. 
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Introduction 

Cleaning validation should be performed  

in order to confirm the effectiveness of any 

cleaning procedure for all products contacting 

pharmaceutical manufacturing equipment. This 

activity is required by FDA (Food and Drug 

Administration) and GMP (Good Manufacturing 

Practice) in pharmaceutical industry and 

establishes documented evidence with a high 

degree of assurance that the cleaning procedure 

effectively removes chemical (the previous 

product’s active pharmaceutical ingredient or 

cleaning/disinfectant agent) or microbial residues 

from the manufacturing equipment and facilities 

below the scientifically predetermined acceptable 

level. Drug manufacturers must demonstrate that 

cleaning processes are capable and effective in 

removing contaminants from the product contact 

surfaces to the above-mentioned limits. From both 

regulatory and industry standpoint, cleaning 

validation is a critical analytical responsibility of 

the quality assurance system and an important 

activity which establishes that cross-

contamination of the next batch of different 

pharmaceutical products is under control to ensure 

the quality of the finished product and patient 

safety [1-3]. 

The developed cleaning procedure used in 

the manufacturing process of a new 

pharmaceutical product – uncoated tablets of 

lisinopril/hydrochlorothiazide 20/25 mg must 

have been inspected and experimentally proven in 

accordance with the GMP requirements to be 

suitable and efficient for removal of APIs residues 

of the above-mentioned product to ensure proper 

quality and prevent cross-contamination of the 

subsequent drug product. The need to carry out 

the cleaning validation was due to the fact that 

this product is the worst case for the cleaning 

procedure regarding the solubility of the product’s 

active pharmaceutical ingredients. In order to 

perform cleaning validation, it was necessary to 

find a sensitive and specific analytical method 

combined with appropriate sampling procedures 

for simultaneous determination of lisinopril and 
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hydrochlorthiazide (HCT) residues on the 

manufacturing equipment surfaces.  

Lisinopril, (2S)-1-[(2S)-6-amino-2-{[(1S)-

1-carboxy-3-phenylpropyl]amino}hexanoyl] 

pyrrolidine-2-carboxylic acid, is an active 

pharmaceutical ingredient, which is a potent and 

competitive inhibitor of angiotensin-converting 

enzyme (ACE) and is used to treat hypertension 

and symptomatic congestive heart failure [4]. 

Hydrochlorthiazide (HCT), 3,4-dihydro-2H-1,2,4-

benzothiadiazine 1,1-dioxide, is an active 

pharmaceutical ingredient as well, which is a 

diuretic medication often used to treat high blood 

pressure and swelling caused by fluid build-up 

[5]. Lisinopril can be used alone or in 

combination dosage form with HCT. The 

chemical structures of these compounds are 

shown in Figure 1. 

The compendial analytical high 

performance liquid chromatography (HPLC) 

procedures for quantitative determination of 

lisinopril and HCT are described in the 

monographs of these active substances of the 

current version of United States Pharamcopeia, 

respectively. Various HPLC methods for 

estimation of HCT along with other compounds 

have been reported in several papers, which 

described the analysis of HCT, angiotensin-

converting enzyme (ACE)-inhibitors and 

indapamide [6], simultaneous quantification of 

olmesartan and HCT [7], the analysis of HCT and 

candesartan cilextil [8], determination of HCT 

with the major degradation products [9,10]. 

Analysis of lisinopril along with other 

components by HPLC has been reported 

previously [11-13]. Moreover, other methods 

utilizing HPLC for simultaneous determination  

of HCT and lisinopril have also been reported 

[14-16]. A review of the HPLC methods available 

in the literature revealed that the methods were 

not appropriate for our analytical purposes. None 

of the articles discussed the use of HPLC method 

combined with the sampling procedures in 

support of cleaning validation. Therefore, a new 

HPLC method for simultaneous quantitative 

determination and sampling procedures of the 

above-mentioned APIs residues on 

pharmaceutical manufacturing equipment surfaces 

after manufacturing of dual drug finished  

product - lisinopril/hydrochlorothiazide 20/25 mg 

uncoated tablets should be developed and 

validated.  

The aim of this study was to develop and 

validate swab and rinse sampling procedures with 

respect to very high recovery rate and a new, 

selective, specific and rapid HPLC method for 

simultaneous quantitative determination of 

lisinopril and HCT in cleaning control samples 

collected from manufacturing equipment surfaces 

in order to demonstrate the efficiency and 

removability of the used cleaning procedure. The 

novelty of the present research is that the HPLC 

method combined with sampling procedures 

suitable for cleaning validation has been 

developed and validated, of which analogue does 

not exist in the literature and fully responds to the 

complex analytical tasks for conducting cleaning 

validation on drug dosage forms such as 

lisinopril/hydrochlorothiazide uncoated tablets.  

 

Experimental 

Materials 

The certified analytical standards of 

lisinopril dihydrate and HCT were supplied by 

USP (the United States Pharamcopeia) reference 

standards. The HPLC grade methanol, potassium 

dihydrogen phosphate, orthophosphoric acid were 

purchased from Sigma-Aldrich (Germany).  

The HPLC grade purified water was 

prepared using Milli Q Adventage A10 

purification system (France). Polyester 

microswabs (3×2.5×10 mm), teflon template 

holder, screw cap vials for sampling were 

purchased from ITW Texwipe (USA). Three 

stainless steel, anodized aluminium, plastic plates 

were used as the representative surfaces and 

durapore polyvinylidene difluoride (PVDF) 

membrane filters were used in this study. The 

cleaning procedure was performed using 

Microbac Forte 1% solution as a disinfectant and 

cleaning agent, which was purchased from Bode-

Chemie (Germany). 

 

 

 

(a) (b) 

Figure 1. Chemical structures of lisinopril dihydrate (a) and HCT (b). 
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Instrumentation 

The HPLC analysis was performed using an 

Ag 1260 Infinity system and the output signal was 

monitored and processed using the Chemstation 

software (USA). SONOREX™ Digital 102P 

ultrasonic bath DK 102 (Germany), Vortex-

Genie™ 2 (USA), shaker 3056 IKA SH 501 

DIGITAL Werke (Germany), semi-micro 

analytical balance CPA 232S Sartorius 

(Germany), GFL water bath (Germany) were used 

for sample preparation. All the measuring 

equipment were appropriately calibrated and 

qualified. The experiment was carried out in a 

controlled laboratory area (temperature,  

t= 22±3°C, relative humidity, RH= 45±15%). 

Chromatographic system conditions 

The method was developed using the 

following columns -  BDS Hypersil C8(2) 

250×4.6 mm, 5 μm (Thermo Scientific) and 

LiChrospher® RP-8  250×4.6 mm, 5 μm (Merk-

Millipore) with an isocratic elution of mobile 

phase containing a mixture of buffer solution  

pH 3.0 and methanol (60/40 v/v) filtered through 

PVDF 0.45 μm membrane filters and degassed; 

the flow rate of mobile phase was 0.7 mL/min; the 

UV detection was performed at different 

wavelengths - 215 nm for lisinopril and 272 nm 

for HCT; the injected volume was 10 μL; the 

column temperature was maintained at 40°C. 

Validation of analytical HPLC method  

The developed HPLC method was 

validated with respect to robustness - standard 

solution stability, membrane filter compatibility 

test, chromatographic critical factors study using 

design of experiments (DoE), system suitability 

test (SST), specificity, linearity-range, precision, 

limits of detection (LOD) and quantitation (LOQ) 

according to ICH (International Conference on 

Harmonisation) guideline and Microsoft Excel 

2010 was used for statistical assessment and 

graphical analysis [17].  

Sample preparation and sampling procedure 

Lisinopril and HCT reference standards 

diluted in a mixture of methanol and water  

90/10 v/v were used as a standard solution  

at the concentration of 10/20 μg/mL and  

12.5/25 μg/mL, respectively.  

Rinsing and swabbing are two sampling 

procedures available to demonstrate cleaning 

validation; the both sampling procedures were 

used in this study. The swabbing is a subjective 

manual procedure, which involves physical 

interaction between the swab and the equipment 

surface and varies from sampler to sampler. The 

surface was successively wiped with one swab 

moistened with extraction solution (diluent – a 

mixture of methanol and water 90/10 v/v). The 

scheme of swabbing procedure is shown in  

Figure 2(a). The swabs were placed in the 5 mL 

screw-cap test tubes containing 1 mL of the 

selected diluent. Subsequently, the tubes were 

placed in an ultrasonic bath for 2 minutes and the 

solutions were analyzed by HPLC. The rinse 

samples from uneven surfaces (i.e. plastic brush) 

were collected by rinsing with the fixed volume of 

the diluent.  

Due to the nature of material of the 

manufacturing equipment surfaces, the three types 

of material - stainless steel, anodized aluminium 

and plastic were selected, which were previously 

cleaned by using disinfectant/detergent and dried 

before the experiment. The sampling points (hard 

to clean) were determined based on risk 

assessment using HACCP (hazard analysis and 

critical control points). 

 

 

(a)                                                                                  (b) 

Figure 2. The scheme of swabbing procedure (a) and sequence (steps 1-4) of swab wiping (b). 
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The usual standardized swab sampling 

procedure (procedure I) involved moistening 

swabs with solvent and swabbing the area to be 

sampled in an overlapping zigzag pattern – first 

the surface area was wiped horizontally from one 

side to the other (back and forth) (1, 2 in  

Figure 2(b)), then, after rotating the swab, 

vertically (up and down) (3, 4 in Figure 2(b)). 

Fresh surface was exposed and repeatedly wiped 

to extract the maximum residue. Finally, the swab 

was stored in a closed and labelled container for 

estimation. Two other variants - the procedures II 

and III differ from the procedure I only in the 

swabbing direction and were only used for the 

robustness study. According to the procedure II, 

first the surface area was wiped horizontally  

from one side to the other and then, after rotating 

the swab, again horizontally. According to  

the procedure III, first the surface area was  

wiped diagonally upwards and downwards, after 

rotating the swab, again diagonally in the same 

manner [3,18,19]. 

Design of experiments 

For the robustness test of the developed 

swab sampling procedure and analytical HPLC 

method, both quantitative and qualitative factors, 

selected based on experience were considered. 

The five factors with their levels for swabbing 

procedure and HPLC method are summarized in 

Tables 1 and 2. The percentage recovery rate of 

each API from the surface and system suitability 

test parameters – the column efficiency 

(theoretical plates – N), the tailing factor (USP 

symmetry - As), the relative standard deviation 

(RSD) of peak areas (RSDA) and the RSD of 

retention times (RSDRT) (n= 6) and the resolution 

factor between HCT and lisinopril at 215 nm (Rs) 

obtained from standard solution were used as the 

response variable for the swab sampling 

procedure and analytical HPLC method, 

respectively. The experiment was conducted in  

2
5-2

= 8 runs for five two-level factors. 

Validation of sampling procedure  

Validation parameters - robustness and 

accuracy of sampling procedure were studied 

using the DoE technique. Both developed 

sampling procedures were checked and the 

percentage recovery rate (two individual 

determinations) was determined. The selected 

surface area of the plates was sprayed with  

100 μL (for swabbing) and 5 mL (rinsing)  

of standard stock solution (lisinopril and HCT  

at concentration – 100/200 mg/mL and  

125/250 μg/mL, respectively) using a 

micropipette and the solvent was allowed to 

evaporate. Then swab sampling was performed 

according to swab wipe standardized procedure as 

described in sample solution preparation. The 

swab samples were diluted with the same diluent 

to 1 mL. For rinse sampling, the surface area was 

rinsed with approximately 100 mL of diluent and 

then diluted to a volume with the same diluent to 

100 mL, and mixed well. Then it was filtered 

through a 0.45 μm membrane filter. 

The percentage recovery rate was 

calculated by Eq.(1):  
 
 

        
    

   
     (1) 

 

where, Arec is the peak area of lisinopril/HCT 

obtained from sample solution (recovered 

amount);  

Asp is the peak area of lisinopril/HCT 

obtained from spiked solution (amount 

added) [3]. 
 

Table 1  

Robustness factors and design of experiments for swab sampling procedure. 

No. Factor (Xi) Unit Low level (-) Nominal level (0) High level (+) 

1 Surface material  (X1) - Anodized aluminum Stainless steel Plastic 

2 Swabbing (X2) - II I III 

3 Methanol percentage in diluent (X3) % 80% 90% 100% 

4 Sampler (X4) - I Chemist-analyst - II Chemist-analyst 

5 Amount spiked (lisinopril)  μg 8 10 12 

Amount spiked (HCT) (X5) 10 12.5 15 
 

Table 2 

Robustness factors and design of experiments for analytical procedure. 

No. Factor (Xi) Unit Low level (-) Nominal level (0) High level (+) 

1 Flow rate of mobile phase (X1) mL/min 0.6 0.7 0.8 

2 Buffer solution of mobile phase (X2) pH 2.8 3.0 3.2 

3 Methanol percentage in mobile phase (X3) % 35 40 45 

4 Column temperature (X4) °C 35 40 45 

5 DAD
*
 wavelength for lisinopril/HCT (X5) nm 213 

270 

215 

272 

217 

274 

*Diode-array-detection. 
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Quantitative estimation of lisinopril/HCT 

residues  

The concentration (µg/mL) of 

lisinopril/HCT residues in sample solution was 

calculated by Eq.(2): 
 

  
             

      
 (2) 

 

where, Ru is the peak area of analyte obtained 

from the chromatogram of swab sample 

solution;  

Rs is the peak area of analyte obtained 

from the chromatogram of standard 

solution;  

W is the weighted mass of standard, mg;  

D is the dilution factor;  

P is the purity of the standard compound, 

(assay, %). 

 

Methodology to establish acceptance limits  

The acceptance limits for the drug residues 

must ensure the absence of cross-contamination 

for subsequent batches manufactured in the 

affected equipment. FDA’s guidance for 

determining residues acceptance limits requires a 

logical, practical, achievable and verifiable 

determination practice [2]. The acceptance limits 

for cleaning validation were based on two 

pharmacological (the dosage criteria - the patient 

should not take more than 0.1% of the minimum 

therapeutic dose of the API of the previous 

product in the maximal daily dose of the 

subsequent product) and toxicological.  

The maximum allowable carryover (mg) - 

MAC was calculated based on the both above-

mentioned criteria [3,18,19]. 

The MAC was calculated based on the 

pharmacological criteria using Eq.(3):  
 

     
        

   
 (3) 

 

where, TD is the minimal therapeutic dose of the 

studied API of the control product (mg); 

SF is a safety factor -1/1000 for solid oral 

dosage form;  

BS is the smallest batch size of the 

subsequently processed product batch (mg); 

LDD is the largest daily dose of  

the subsequently processed product’s  

API (mg).  

 

The MAC was calculated based on the 

toxicological criteria by Eq.(4):  
 

    
           

   
 

             

        
 (4) 

where,  NOEL is no-observed effect level (mg/kg); 

WA is human average weight calculated 

on 50 (kg);  

2000 is an empirical constant.   
 

The acceptance limits - AL for API residues 

in sample solution was calculated using Eq.(5) 

and Eq.(6) depending on the cleaning procedure. 

Thus, for sample solution obtained from 

swabbing:   
 

    
                 

     
 (5) 

 

And, for sample solution obtained from rinsing:  
 

    
        

 
 (6) 

  
where, As is the sampling area (cm

2
); 

Rec is the percentage recovery rate of the 

sampling method; 

At is the total production line area (cm
2
); 

V is the volume of sample solution obtained 

from swabbing/rinsing (mL). 

 

Results and discussion 

Establishing acceptance limits 

The smallest batch size of the subsequent 

product was selected for calculating the values  

of the MAC. The lowest obtained value of MAC  

of both APIs – lisinopril and HCT were  

used to calculate the acceptance limits, given  

in Table 3.  
 

Table 3  

The calculated acceptance limits (µg/mL). 

Name of 

API 

Pharmacological 

criteria* 

Toxicological 

criteria** 

Swabbing Rinsing Swabbing Rinsing 

Lisinopril 162.0 120.0 3.45 2.45 

HCT 202.0 75.0 1.11 0.83 

*Pharmacological criteria were calculated using 

the values of MAC obtained from Eq.(3); 

**Toxicological criteria were calculated using the 

values of MAC obtained from Eq.(4). 

 
The determined concentration of lisinopril 

and HCT residues in sample solutions should not 

exceed the established AL. According to the 

current version of good manufacturing practice 

guidelines (GMP EU Annex 15) the acceptance 

criteria should be based on a toxicological 

evaluation [1]. The results of the calculated 

acceptance limits based on the various approaches 

show that the strictest limit is the AL based on 

toxicological criteria. Therefore, this limit should 

be considered for estimation of the API residues. 
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Development and validation of sampling 

procedure  

The sampling procedures were developed 

in order to obtain a suitable and good recovery of 

APIs residues. The surface (sampling area -  

25 cm
2
) was successively wiped with one micro 

polyester swab moistened with diluent. The swabs 

were spiked with different quantities of lisinopril 

and HCT. A mixture of methanol and water  

90/10 v/v was used as diluent (easy to remove 

from surfaces by purified water after sampling 

and easy to check its residues using gas 

chromatography; the studied APIs residues are 

soluble in methanol; and the selected diluents 

ensure the best chromatographic characteristics of 

the peaks). The sonication time was set to  

2-3 minutes.  

The robustness of the swab sampling 

procedure was checked using the recovery rate 

(Table 4). All the recovery values obtained from 

the robustness test (8-run design experiment) were 

more than 86.36%, which approved that the 

developed swab sampling procedure can be 

considered robust and none of the examined 

factors had a significant effect on the swab 

recovery rate.  

The accuracy of the combination of 

sampling procedure and analytical HPLC 

procedure was assessed by comparing the analyte 

amount determined versus the known amount 

spiked at two different concentration levels  

(10 and 20 µg/mL for lisinopril and, 12.5 and  

25 µg/mL for HCT) with three individual 

determinations (n= 3). The accuracy is expressed 

as percentage of standard compound recovered 

from a spiked solution (placebo+standard) with a 

corresponding RSD, %. The average recovery 

should be within 80.0-120.0% and the RSD of 

percentage recovery rates for three individual 

determinations should not be more than 4.0%  

for each concentration level of spiked sample 

solution (acceptance criteria). The accuracy  

test results are shown in Table 5. The main 

recovery rates are more than 82.93% (at two 

different concentrations n= 3), which confirms 

that the developed sampling procedures have a 

good recovery. 

To estimate the compatibility of the used 

swab material - polyester (ITW Texwipe swab, 

USA), the standard solution and extracted swab 

solution added standard of the same concentration 

were prepared and injected (Figure 3). This test 

confirms the existence of desorption of 

lisinopril/HCT residues from the swab material. 

The compatibility of swab material was evaluated 

quantitatively by the calculated percentage 

difference between peak areas obtained from 

standard solution and extracted swab solution 

added standard which should not be more than 

3.0% (acceptance criteria). 
 

Table 4  

Robustness test results for the swab sampling procedure.  

Experiment 

no. 

Factors  Mean recovery, % 

X1 X2 X3 X4 X5  Lisinopril HCT 

1 + + + + +  93.25 98.55 

2 + + - + +  92.50 91.91 

3 + - + - +  91.55 87.11 

4 + - - - -  96.65 86.36 

5 - + + - -  93.77 95.00 

6 - + - - +  89.25 94.21 

7 - - + + -  87.74 88.33 

8 - - - + +  92.66 87.92 

 
Table 5 

The accuracy results. 

API residue 
Spiked sample 

solution, µg/mL 

Recovery rate, % RSD 

(n= 3) 

The main recovery rate, % 

(n= 3) I II III 

Swabbing 

Lisinopril 
10 95.96 97.27 93.25 1.75 

96.40 
20 96.77 98.01 97.15 0.53 

HCT 
12.5 95.77 97.07 93.16 1.71 

95.17 
25 94.25 93.78 96.96 1.48 

Rinsing 

Lisinopril 
10 87.58 81.53 85.23 2.94 

85.70 
20 89.25 83.14 87.44 2.96 

HCT 
12.5 82.88 80.59 84.99 2.17 

82.93 
25 83.15 82.45 83.50 0.53 
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The calculated percentage difference is 

0.43% for lisinopril and 0.25% for HCT. Hence, 

the lisinopril and HCT residues desorb from the 

swab and the swab material does not effect on the 

determination of the above-mentioned APIs 

residues. 

Optimization of chromatographic system 

conditions and robustness study  

The final chromatographic conditions  

were determined by optimizing the system 

operational parameters: wavelength for detection, 

composition of the mobile phase, flow rate, nature 

of stationary phase and checking the system 

suitability parameters: theoretical plates, tailing 

factor, peak purity, resolution, etc. 

The calibration curve showed good 

linearity for the trace level quantitative estimation 

at 215 and 272 nm for lisinopril and HCT, 

respectively. Five critical factors (X1 - flow rate 

of mobile phase; X2 - buffer solution of mobile 

phase; X3 - methanol percentage in mobile phase; 

X4 - column temperature; X5 - DAD wavelength 

for lisinopril/HCT) were selected and small 

variations (low and high levels) were induced  

in the nominal values of the method. An  

8-run design experiment was performed to assess 

the effect of each factor in the system  

suitability test results. Table 6 shows the design 

experiments results of the robustness test for the 

developed HPLC method. The variability of 

resolution factor is 12.32% but the minimal value  

of the resolution factor is not bellow the 

acceptance criteria (>7.0). 

Validation of analytical HPLC method 

The specificity test was checked using the 

standard solution, the spiked swab and rinse 

sample solutions, and the blank solution. This 

solution was prepared in the same manner as the 

spike sample solution but no standard was used. 

The specificity test results have shown that there 

is no interference from the extracted blank and the 

diluent at the retention time (RT) of analyte peak. 

The lisinopril and HCT peaks were pure and the 

purity factor (999.988 for lisinopril and 999.995 

for HCT) was more than the purity threshold 

(990.0). Figures 4 and 5 show the chromatograms 

obtained from the standard solution and the blank 

solution, respectively. 

In order to study the linearity-range, the 

working solutions were prepared at eight  

different concentration levels (the range was  

0.155-20.0 µg/mL for lisinopril and  

0.025-25.0 µg/mL for HCT) and injected by six 

replicates (n= 6) for each concentration level. The 

linearity was checked by the square of correlation 

coefficient (acceptance criteria: >0.998), the RSD 

of peak areas (acceptance criteria: <5.0%) at all 

concentration levels excluding the last 

concentration level which should not be more 

than 10%, the RSD of retention times (acceptance 

criteria: <1.0%). The calibration curves were 

constructed by plotting the peak area against the 

corresponding concentration of the injected 

working standard solutions that indicate a perfect 

linearity for each compound. Figure 6(a) and (b) 

shows the linearity plots for lisinopril and HTC, 

respectively.  

 
Table 6 

Robustness results of recovery study for analytical procedure. 

Experiment 

no. 

Factors Resolution factor  

(Rs) X1 X2 X3 X4 X5 

1 + + + + + 7.61 

2 + + - + + 7.55 

3 + - + - + 7.85 

4 + - - - - 7.92 

5 - + + - - 8.11 

6 - + - - + 7.86 

7 - - + + - 7.22 

8 - - - + + 7.23 
 

 
 

Figure 3. The scheme of compatibility  

testing of swab. 
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(a) 

 

 
(b) 

Figure 4. Chromatograms of the standard solution recorded at 215 nm (a) and 272 nm (b). 

 

 

Figure 5. Chromatogram of the blank solution. 

 

 

 

 

(a)  (b) 

Figure 6. The linearity (calibration) curve for lisinopril at 215 nm (a) and HCT at 272 nm (b). 
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The limit of quantitation (LOQ) was 

estimated to be ten times the s/N ratio; the limit of 

detection (LOD) was estimated to be three times 

of s/N ratio (acceptance criteria). The quantitation 

limit was achieved by injecting a series of 

stepwise diluted solutions and the precision was 

established at the specific determined level. The 

RSD of peak area should not be more than 10% 

(acceptance criteria). The determined limits of 

quantitation and detection of lisinopril and HCT 

by HPLC are presented in Table 7. 
 

Table 7 

The LOQ and LOD of HPLC method. 

Parameter Value 

Lisinopril HCT 

LOQ, µg /mL 0.155 0.025 

LOD, µg /mL 0.039 0.012 

RSD of peak areas for  

LOQ (n= 6) 

2.001 3.343 

RSD of retention times for 

LOQ (n= 6) 

0.050 0.073 

s/N for LOQ 18.23 14.25 

s/N for LOD 4.03 7.98 

 

In order to check the chromatographic 

system performance, the system suitability test 

was performed by using six replicate injections 

(n= 6) of the standard solution at the 

concentrations – 10 μg/mL and 12.5 μg/mL, 

respectively. The following parameters - the RSD 

of peak areas, the RSD of the retention times, the 

peak tailing factor (the USP coefficient of the 

peak symmetry), the column efficiency - the 

number of theoretical plates and resolution factor 

between HCT and lisinopril were measured. The 

results are summarized in Table 8. 

The precision of the analytical method was 

estimated by measuring repeatability (intra-day 

precision) and time-dependent intermediate 

precision (inter-day) on six replicate injections of 

standard solution and on six individual 

determinations of lisinopril and HCT in sample 

solution at the same concentrations (10 and  

12.5 µg/mL for lisinopril and HCT, respectively). 

This validation parameter was studied 

during the accuracy study of sampling procedures. 

Sample solutions were prepared according to the 

description in the experimental section. The 

intermediate precision (inter-day) was carried out 

on a different day. The intra-day precision was 

checked by the RSD of the determined 

concentrations (µg/mL) for three individual 

determinations of lisinopril and HCT which 

should not be more than 4.0%; The intermediate 

precision was checked by the RSD of six 

individual determinations (totally inter-day and 

intra-day determinations) of lisinopril and HCT 

which should not be more than 4.0%, the 

percentage difference, which should be more than 

5.0% and F-test which should not be more than 

19. The precision study results given in Tables 9, 

10 and 11 are within the acceptance criteria 

indicating that this method has a good precision.  

The standard solution stability was checked 

three times: initially, and after 24 h and 48 h of 

storage at room temperature against a freshly 

prepared standard solution. The stability was 

checked using two standard solutions and by the 

percentage difference between the peak areas of 

the standard solution stored at room temperature 

and the freshly prepared one which should not 

exceed 3.0% (acceptance criteria). The bias in 

terms of peak area between two standard solutions 

should be within 0.98-1.02 (acceptance criteria).  

The percentage difference between the peak  

areas obtained with two standard solutions, one 

stored at room temperature for 24 h and  

another prepared freshly, is 1.3% and 0.51% for 

lisinopril and HCT, respectively. This gives the 

confidence that APIs residues are stable within  

48 h and the residues concentration does not 

change in sample solutions during cleaning 

validation process.  

 

 

Table 8 

The system suitability test parameters results. 

Parameter Lisinopril HCT Acceptance criteria 

Column efficiency  >11766 >8178 >2000 

RSD of peak areas (n= 6) 0.113% 0.127% <2.0% 

RSD of retention times (n= 6) 0.018% 0.024% <1.0% 

Tailing factor (USP symmetry*) 0.84 0.85 0.8÷1.2 

Resolution factor between  

HCT and lisinopril 
7.95 >7 

*USP symmetry is the coefficient of the peak symmetry S= W0.05/2f where, 

W= peak width at 5% of peak height, 

f= time from width start point at 5% of peak height to RT. 
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Table 9  

The precision repeatability results for standard solution. 

Injection no. 

Lisinopril HCT 

Peak area*,  

mAU 

RT**,  

min 

Peak area*,  

mAU 

RT**,  

min 

1 208.40 6.034 650.71 4.484 

2 208.50 6.032 650.07 4.482 

3 208.04 6.042 651.14 4.489 

4 209.06 6.033 650.10 4.482 

5 208.54 6.036 651.24 4.487 

6 208.61 6.034 651.74 4.487 

Average 208.53 6.035 650.83 4.485 

RSD 0.330 0.004 0.666 0.003 

* The instrument error for peak area ± 0.1 mAU; 

** The instrument error for RT ± 0.01 min. 

 

 

Table 10 

The precision results for sample obtained with swab sampling solution, µg/mL. 

Sample solution 

no. 

Precision repeatability (intra-day) Intermediate precision (inter-day) 

Lisinopril HCT Lisinopril HCT 

1 17.52 23.52 17.24 22.27 

2 17.74 23.31 16.93 22.69 

3 17.58 24.24 17.38 23.03 

Average 17.61 23.69 17.18 22.66 

RSD (n= 3) 0.115 0.488 0.230 0.381 

RSD (n= 6) 0.286 0.685 

Percentage difference 2.47 4.44 

F-test 6.04 1.64 

 

 
The PVDF membrane filter compatibility 

was evaluated using a standard solution  

and by calculating the percentage difference 

between peak areas of filtered and  

non-filtered standard solutions which should not 

be more than 0.5% (acceptance criteria). The 

percentage difference between peak areas of 

filtered and non-filtered standard solutions is 

0.24% and 0.12% for lisinopril and HCT, 

respectively, which gives the confidence that the 

adsorption of each analyte does not occur on the 

used filter. 

Estimation of lisinopril and HCT residues in 

samples from swabbing and rinsing 

Both swabbing and rinsing procedures were 

performed for APIs residues sampling from 

manufacturing equipment surfaces. The APIs 

residues were expressed in µg/mL. After 

manufacturing of three consecutive batches of 

finished drug product - uncoated tablets of 

lisinopril/hydrochlorothiazide 20/25 mg, 

equipment cleaning samples were collected from 

different sampling points. After sampling, the 

equipment surfaces were rinsed with purified 

water for several times to remove residual 

methanol on surfaces. The last rinsed portions 

were checked using gas chromatography to detect 

methanol residues. Swab and rinse samples were 

tested immediately to estimate lisinopril and HCT 

residues using the validated HPLC method. The 

results are shown in Table 12. Figure 7 shows 

typical chromatograms obtained from the sample 

solution. The secondary peaks that appeared on 

the chromatograms belong to the diluent and one 

unknown compound (RT= 21 min) extracted from 

the swab material. 

The determined concentrations of lisinopril 

and HCT residues are below the established 

acceptance limits for cross-contamination.  

The standard operating cleaning procedure 

established for cleaning of manufacturing 

equipment surfaces provides enough efficacy in 

order to remove the above-mentioned APIs from 

the cleaned surfaces and excludes the risk of 

cross-contamination of the subsequent finished 

product. 
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Table 11 

The precision results for sample obtained with rinse sampling solution, µg/mL. 

Sample 

solution no. 

Precision repeatability (intra-day) Intermediate precision (inter-day) 

Lisinopril HCT Lisinopril HCT 

1 16.15 20.79 15.77 21.28 

2 15.05 20.61 16.03 20.89 

3 15.83 20.88 16.23 20.88 

Average 15.68 20.76 16.01 21.02 

RSD (n= 3) 0.566 0.138 0.231 0.228 

RSD (n= 6) 0.206 0.219 

Percentage difference 2.08 1.25 

F-test 6.02 0.36 

 

Table 12  

The results of lisinopril and HCT residues analysis. 

Sampling 

procedure 

Number of  

sampling points 

The determined concentration range 

of residues, µg/mL 

Acceptance limit,  

µg/mL 

Lisinopril HCT Lisinopril HCT 

Swabbing 10 0.19÷0.67 0.06÷0.46 3.45 1.11 

Rinsing 3 0.28÷0.62 0.24÷0.69 2.45 0.83 

 

 

 
(a) 

 

 
(b) 

 

Figure 7. Chromatograms of the sample solution recorded at 215 nm (a) and 272 nm (b). 

 
 
 
 

Conclusions  

An analytical HPLC method combined with 

swab and rinse sampling procedures was 

developed for simultaneous quantitative 

determination of lisinopril and hydrochlorthiazide 

(HCT) residues on surfaces of pharmaceutical 

equipment used in the manufacturing process. The 

lisinopril/hydrochlorthiazide 20/25 mg uncoated 

tablets were used to demonstrate cleaning 

validation. The analytical method was validated 

with respect to precision, accuracy, robustness, 

specificity, system suitability test and linearity-

range over the concentration range from  

0.155 µg/mL to 20.0 µg/mL for lisinopril and 

from 0.025 µg/mL to 25 µg/mL for HCT.  

Both developed swab and rinse sampling 

procedures were found to be robust and accurate 

with high recovery rate (>80%). No interferences 

from swab/blank solutions were observed. 

Standard solutions of both compounds were stable 
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within 48 hours; therefore, the concentrations of 

cleaning control sample solutions did not change 

for a time from sampling to injecting into HPLC 

system. Hence, the obtained results confirm  

that the standard cleaning procedure is adequate 

and effective for removing both APIs residues 

from equipment surfaces. The determined 

concentrations of lisinopril (<3.45 µg/mL by 

swabbing and <2.45 µg/mL by rinsing) and HCT 

(<1.11 µg/mL by swabbing and <0.83 µg/mL  

by rinsing) in sample solutions are much lower 

than calculated acceptance limit of cross-

contamination of the next finished product.  

The validated protocol of sampling and 

HPLC method may be successfully used by other 

pharmaceutical quality control laboratories to 

sustain cleaning validation process for lisinopril 

and HCT residues after manufacturing of 

uncoated tablets. 
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Abstract. Mining and mineral-processing wastes have been giving a lot of concern in recent times. This 

paper has evaluated an integrated multidisciplinary strategy for mining wastes characterization, their 

possible recycling and reuse, and critical raw materials recovery. After the in situ sampling campaigns, 

mining wastes have been characterized and the acquired mineralogical, chemical and spectral 

information have been used to create a map of mining waste deposits by means of the new multispectral 

satellite Sentinel-2A classification. The use of Fe-Mn rich wastes in arsenic removal and phosphorus 

recovery from water was discussed. Furthermore, mycorrhizal-assisted phytoextraction of metals from 

contaminated soils classified as Class 1 to 4 by remote sensing showed a good potential for their 

possible recovery from biomass, and results indicated that the system was suitable for the uptake of 

several elements. Results are encouraging and the application of such approach can be important to 

develop a circular model for sustainable exploitation of mining wastes. 
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Introduction 

Resource constraints and environmental 

pressures are going to accelerate the 

transformation from a linear extraction-use-throw 

away model of production and consumption to a 

circular one. Moving towards a near-zero waste 

society not only has an environmental rationale, it 

increasingly becomes a factor of competitiveness. 

In fact, the technological progress and quality of 

life are reliant on access to a growing number of 

raw materials [1]. In this context mining waste not 

of interest for steel industry because of the low 

iron content and need of prior ore dressing, can 

find a valuable use in applications other than 

mining industry. 

Our research has been addressed to mining 

wastes of one of the largest iron and manganese 

ore deposits in the State of Odisha (India). In 

particular, the materials considered not suitable 

for steel production are dumped in overburden 

dumps as waste and at the same time, the 

materials having higher percentage of iron are 

stored for future use purposes as subgrade. The 

wastes are particularly rich in iron, manganese 

and aluminium oxy-hydroxides and represent an 

important resource because they could be reused 

as adsorption filters for metals and metalloids, 

arsenic, as well as in phosphorus removal and 

recovery from treated wastewater. Iron, 

aluminium and manganese oxy-hydroxides are 
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well known adsorbents for the removal of arsenic 

from waters [2,3]. The possible influence of 

chemical, spectral and mineralogical properties 

for a more successful selection of suitable wastes 

in terms of arsenic removal efficiency has been 

widely discussed [4]. The potential for recovery 

and recycling of phosphorus is widely explored in 

the last decades [5]. On one side, to prevent the 

load of phosphate present in wastewaters onto 

surface water bodies with consequent impact on 

their ecological status [6,7]. On the other side, 

phosphorus availability as raw materials is  

critical and different technological solutions to its 

recovery are now pursued [8-10]. 

A secondary approach to transform  

mining wastes into valuable resources  

is phytoremediation, specifically phyto-

mycoremediation, at greatly reduced costs and 

minimum side effects [11]. Roots of 

hyperaccumulator plant species establish 

mutualistic arbuscular mycorrhizal symbiosis with 

fungi of the phylum Glomeromycota [12]. The 

arbuscular mycorrhizal symbiosis is frequently 

included in the bioremediation strategies of 

different metal polluted soils [12-14]. Many 

studies have demonstrated that the arbuscular 

mycorrhizal association established between 

sunflowers (Helianthus annuus L.) and the fungus 

Rhizophagus intraradices is effective for the 

uptake and accumulation of heavy metals [12,13]. 

Thus, this property could be also used to recover 

elements from biomass by hydrometallurgical 

methods.  

In the last years, remote sensing 

technologies have been used to investigate the 

mining areas finalized to map the spatial 

distribution of minerals in tailings [15]. However, 

it is very difficult to have, at the same time, 

satellite images and mineralogical and 

geochemical data concerning surface-outcropping 

materials. It would be important to create 

synergies between remote sensing and laboratory 

analysis in order to optimize resources and reduce 

waste. As a continuation of our research,  

herein we explore the possibility of classification 

and reuse of iron and manganese mining  

wastes to promote the transition to a more circular 

model of mining wastes sustainable exploration 

towards near-zero waste, as presented in Figure 1. 

The aim of this paper is the identification 

and classification of mining wastes, the sample 

collection, analysis and characterization as well as 

phyto-mycroremediation. Thus, firstly, the 

capacity of satellite Sentinel-2A is used to classify 

mining wastes and to identify deposit areas with 

different percentage of iron and manganese; 

secondly, the field sampling campaign is 

conducted to collect mining wastes samples for 

the laboratory analyses and characterization for 

the potential reuse for the arsenic removal and 

phosphorus recovery from water; and lastly, the 

phyto-mycoremediation of classified mining 

wastes for raw materials uptake is explored. 

Experimental  

Samples preparation 

During in situ sampling campaign, 37 

different kinds of samples (rock as well as soil) 

were collected in the Joda West Iron and 

Manganese mine, located in village of Joda 

(Keonjhar district, State of Odisha, India)  

(Figure 2). 

 

 

Figure 1. A scheme of the proposed multidisciplinary strategy for classification  

and reuse of iron and manganese mining wastes. 
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Figure 2. Location of the study area and  

in situ sampling campaign. 
 

From 1933 onward, the mining lease was 

granted in favour of the TATA Steel, which 

offered general support during field work 

performed for this study. For each sample, GPS 

coordinates, pictures, brief description of the 

sampling area have been stored. Furthermore, 

small quantities of samples (for each sample 

about 200 g) have been selected to further 

mineralogical and physical analysis at the 

National Research Council in Italy.  

The collected samples were micronized 

under 70 µ in size by a vibrating rotary cup mill 

(Willy Bleuler) at 900 rpm motor speed and a 

standard 100 mL steel crews, and used further in 

our studies. 

Instrumentation 

Physical and mineralogical characterization 

of the soil samples was done by X-ray powder 

diffraction (XRD) using a Bruker AXS D8 

advance diffractometer and X-ray fluorescence 

(XRF) analysis using the X-ray EDS fluorescence 

spectrometer (XEPOS HE model).  

Arsenic content in solution was determined 

by atomic absorption spectrometry (AAS, Perkin 

Elmer AAnalyst 800). 

Phosphate content was determined using 

Hach DR2800 spectrophotometer.  

Solution pH was measured using a Hach 

PHC101 pH-meter connected to a Hach HQ30D 

digital multiparametric probes reader. 

Preliminary evaluation tests of Fe-Mn mining 

wastes reuse 

Arsenic removal and phosphate ions recovery 

Five samples, (JW0504, JW1201, 

JW1301bis a, JW1301bis b, and JW1302) rich in 

iron, aluminium and manganese, were selected for 

evaluation of arsenic removal from the solution. 

Batch tests were performed using 50 mg of 

fine grained (under 70 µ) mining waste materials 

dispersed in 100 mL MilliQ solution spiked to a 

level of 1 mg/L As(V) by stock solution of 1 g/L 

prepared by weighing Na2HAsO4·7H2O (Fluka). 

Samples were collected at time intervals of 0 min, 

5 min, 30 min, 60 min, 120 min, 20 hours and  

6 days. Samples were mildly shaken at  

240 osc/min on a rotatory table throughout the test 

and filtered onto 0.45 µm cellulose acetate filters, 

afterwards the content of arsenic in solution was 

analysed. At the end of the experiment (after  

6 days), collected samples were also analysed by 

inductively coupled plasma mass spectrometry 

(ICP-MS Agilent 7500c), prior to 0.45 µm 

filtration and acidification with 2% HNO3 

Suprapur (Merck) to verify possible leaching into 

water of other potentially toxic metals present in 

selected materials as evidenced by XRF 

measurements. 

The sample with highest arsenic adsorption 

capacity was then evaluated for phosphate 

recovery. A sample portion of 1 g was placed in  

50 mL flask containing 40 mL of wastewater 

solution of 5 mg/L of PO4
3-

. The kinetic of 

phosphate adsorption was evaluated in duplicate 

at different time intervals 0, 0.5, 1, 2, 4 and  

24 hours. Phosphate content was determined by 

the spectrophotometric method at 882 nm after 

the formation of a blue molybdenum complex. 

Batch pH during the adsorption test was 

maintained constant at 7.0±0.5. 

Mycorrhizal assisted phytoremediation 

The phyto-mycoremediation system 

consisted of sunflowers (Helianthus annuus L., 

hybrid cultivar DK4045, Syngenta seeds) 

colonized by an arbuscular mycorrhizal fungal 

strain GA5 Rhizophagus intraradices (provided  

in vitro by Bank of Glomeromycota, Faculty of 

Exact and Natural Sciences, Buenos Aires 

University) grown in a substrate consisting of  

a homogeneous mixture of soil and volcanic  

ash (50:50, v/v) supplemented with ZnSO4  

(as catalyst). 

The soil samples were collected in the Joda 

West Iron and Manganese mine (Keonjhar 

district, State of Odisha, India). Volcanic ash was 

provided by Pumex S.P.A. (Lipari Island, Italy). 

Granular pumice stone (diameter, 3-6 mm) was 

provided by Europomice S.R.L. (Italy). Fertile 

commercial topsoil was provided by 

Euroterriflora S.R.L. (Italy). 

A substrate sample (10 g) was used to 

detect arbuscular mycorrhizal fungal structures;  
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it was wet sieved, decanted and checked for 

arbuscular mycorrhizal fungal spores. Non-

indigenous arbuscular mycorrhizal fungal 

propagules were detected in soil samples. The 

GA5 strain was propagated as described in 

Silvani, V.A. et al. [16]. The arbuscular 

mycorrhizal fungus R. intraradices strain GA5 

has been reported to promote tolerance to 

different abiotic stresses in several plant species 

and is a potential bioremediator [17,18]. 

The experimental design of the TRL 2 

system consisted of 16 pots (height, 12 cm; 

diameter, 13.5 cm), as named and detailed below: 

 CS1-4
+
: 4 pots filled with mixed 

contaminated soil (CS) from different areas of the 

Indian mine and Lipari’s volcanic ash (VA) in a 

1:1 (v/v) ratio, completing to 500 mL and 125 mL 

granular pumice stone (PS; mean diameter,  

3-6 mm). Considering the CS only, 300-500 ppm 

ZnSO4 (as catalyst) was added. At least three 

Helianthus annuus seeds were planted and 

inoculated with a piece of GA5 in vitro culture 

with at least 300 spores in each pot; 

 CS1-4
-
: 4 pots filled with mixed CS and 

VA in a 1:1 (v/v) ratio, and 125 mL PS. 

Considering the CS only, 300-500 ppm ZnSO4 

was added. At least three Helianthus annuus seeds 

were planted in each pot; 

 BLS1-4
+
: 4 pots filled with 500 mL fertile 

commercial topsoil (FCT) and 125 mL PS by 

spot. At least three Helianthus annuus seeds were 

planted and inoculated with a piece of GA5 in 

vitro culture with at least 300 spores in each pot; 

 BLS1-4
-
: 4 pots filled with 500 mL FCT 

and 125 mL PS by spot. At least three Helianthus 

annuus seeds were planted in each pot. 

As to CS1-4
+
 and CS1-4

-
, composition of 

mixed CS from different areas of the Indian mine 

is reported in Figure 3. Representative soil 

samples were taken from each pot on days 0 and 

133 (i.e. the end of the experimental campaign). 

Samples were dried to constant weight for metals 

content quantification by the XRF technique. 

On day 133, Helianthus annuus was 

removed from each pot, shoots and roots were 

separated and carefully rinsed with distilled water, 

dried in an oven (45°C) and analysed by XRF 

(Wavelength dispersive X-ray fluorescence 

spectrometer, Panalytical Venus 200), as well  

as CS1-4
+
, CS1-4

-
, BLS1-4

+
 and BLS1-4

-
.  

A subsample of roots was stained with trypan blue 

[19] and intraradical colonization by the 

arbuscular mycorrhizal fungus GA5 strain was 

checked. The frequency of mycorrhizal 

colonization was calculated as the percentage of 

root segments containing arbuscular mycorrhizal 

fungal structures. All measurements were 

performed under a Nikon light binocular 

microscope at 100x magnification. 

The bioconcentration factors (calculated as 

the ratio between the concentration of metals in 

the plant tissue and in the soil) in aerial and 

radicular parts (BCS and BCR, respectively), and 

translocation factors (TF, calculated as the ratio 

between the concentration of metals in the aerial 

part and in the roots) were determined for the 

following metals: As, Ca, Cr, Cu, Fe, Ga, K, Mn, 

Ni, P, Rb, S, Sr, Ti, Zn. 

 

  

 

 

Figure 3. Composition of mixed contaminated soil used to carry out the phyto-mycoremediation experiments. 
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Results and discussion 

Waste mining map by Sentinel-2A satellite 

Evaluation of the capability of remote data 

in characterizing the reflectance of a specific 

surface is based on their ability in distinguishing 

one spectrum of specific surface from another,  

in other words, on their ability in measuring  

the spectral similarity between one spectrum  

and another. 

In this research, one Sentinel-2A satellite 

data acquisition was carried out on the iron and 

manganese mining area on November 29
th
, 2017 

and the sampling sites were recognized on the 

georeferenced image. For each site, the 

corresponding spectral signature was extracted by 

the image and the different spectral classes  

have been individuated by means of the 

interpretation of chemical and mineralogical 

analysis. Afterwards, the map of iron and 

manganese wastes was obtained through the 

spectral similarity measurements achieved by the 

principal supervised classifiers: the classifier  

used in this methodology was Spectral Angle 

Mapper (SAM) [20]. 

The results of SAM classification were 

represented in an iron and manganese waste 

mining map that highlights waste deposit areas 

with different mean percentage of iron and 

manganese (Figure 4). 

In particular, the presence of vegetation in 

Class 1 indicates that the wastes have been 

accumulated over an extended period compared  

to Class 2, characterized by a steady accumulation 

of extractive wastes. Class 3 is very rich in  

iron and manganese but these deposits of residues 

are not of interest for steel industry and need  

prior ore dressing. Finally, in Class 4 there  

are wastes with lower iron and manganese 

content. 

Image accuracy was computed matching 

the ground truth classes with the classification 

result classes. The accuracy of the classification, 

derived from the confusion matrix, resulted as 

follows:  
 

- user’s accuracy = 94.81%;  

- producer’s accuracy = 95.23%;  

- overall accuracy = 95.88%; k= 0.806.  
 

These results point out the capacity of 

Sentinel-2A to classify mining wastes but also to 

identify deposits with valuable materials in order 

to reuse for secondary applications. In particular, 

the deposit areas of residues rich in iron  

and manganese represent the potential site  

for further analysis (i.e. arsenic removal and 

phyto-mycoremediation application). 

 

 

 
 

 

 
 

 
Figure 4. Iron and manganese mining wastes 

deposits map. The four classes have been overlaid 

on Sentinel-2A image of the location map. 
 

 

Arsenic removal efficiency 

A selection of five samples was carried out 

among all characterized samples, based on iron, 

manganese and aluminium content and major 

mineralogical phases (Tables 1 and 2). 
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Among all iron oxides minerals (magnetite, 

lepidocrocite, maghemite, goethite, ferrihydrite, 

and hematite), according to XRD results  

(Table 1) the mostly present were iron hydroxides 

phases including hematite and goethite, while 

sample JW0504 was selected due to its high 

percentage of aluminium (52.5% kaolinite). 

Manganese content was up to 46.9% in sample 

JW1301bis b. It should be observed that in these 

samples the presence of potentially toxic metals, 

including arsenic, was not always negligible. 

Chromium content was almost 400 mg/kg and 

lead about 300 mg/kg in sample JW0504. 

Preliminary kinetic batch adsorption tests were 

conducted to evaluate the efficiency in As(V) 

removal by selected waste materials (Figure 5). 

At selected solid/water ratio (0.5 g/L), 

arsenic adsorption was below 30% for all samples 

during the first 30 min, increasing up to 41% and 

53% for sample JW0504 and JW1301bis a, 

respectively, after 6 days of contact time. Among 

iron hydroxides, the presence of goethite seems to 

promote the adsorption. If compared to 

commercially available materials the adsorption 

kinetic of these waste materials is not fast, since 

usually iron oxy-hydroxide used in As removal 

filters, such as granular ferric hydroxide (GFH) 

that was used in this study, are able to remove up 

to 90% As within first 5 min (contact time usually 

used in water filtration unit). Banerjee, D. et al. 

[21] found that at lower As(V) concentration  

(0.1 mg/L) a solution with 0.25 adsorbent to 

liquid ratio was able to completely remove As(V) 

within 2 hours. In this study, the ability of some 

selected materials to adsorb 30-50% of arsenic is 

interesting since these wastes are low cost 

materials largely available at Joda mining site and 

the efficiency in removal could be easily 

increased by increasing filter volume and 

adsorbent amount. The adsorption capacity of the 

studied samples ranged from 0.41 to 1.0 mg/g 

(As/adsorbent), while GFH had a capacity of  

1.94 mg/g (As/adsorbent). Naturally occurring  

iron-rich materials usually show lower adsorption 

capacity than synthetic oxides and iron rich ore 

materials tested by Zhang, W. et al. [22],  

which had a maximum adsorption capacity of 

0.17-0.48 mg/g (As/adsorbent).  

A possible release of potentially toxic 

elements in solution was investigated after 6 days 

and results are reported in Table 3. The mobility 

of other toxic metals in these samples resulted to 

be limited and concentrations values are far below 

drinking water limits (EU Directive 98/83:  

Cr 50 µg/L, Cu 1 mg/L and Zn are not regulated). 

 

Table 1 

Selected samples for adsorption tests, their major metals content and  

the dominant mineralogical components (in %). 

Sample Code Fe Al Mn Hematite Goethite Muscovite Kaolinite Pyrolusite 

JW1201 39.1 3.6 15.6 36.9 2.4 n.d. 22.2 n.d. 
JW1301bis b 16.9 1.3 46.9 19.8 6 19.8 18.1 10.8 

JW1302 28.5 2 29.1 10.8 6.7 26.1 16.8 6.3 
JW0504 9.8 13.8 1.8 4.4 4.2 20.3 52.5 n.d. 

JW1301bis a 49.5 3.2 1.8 23.4 25.4 20.1 15.3 n.d. 
n.d. = not detectable phases 

 
Table 2 

Selected samples for adsorption tests and their trace metals content (in mg/kg). 

Sample Code As  Cr  Cu  Ni  Pb  Zn  
JW1201 n.d. 17.6 35.2 41.5 44 53.5 

JW1301bis b n.d. 53.1 95.6 48.2 130 48.9 
JW1302 n.d. 60.7 128.6 107.6 37 92.6 
JW0504 20.5 387.3 49.4 79.4 309.5 28.9 

JW1301bis a 64.7 193.4 42.3 40.8 2.8 53.7 
n.d. = not detectable phases 

 
Table 3 

Release into water of potentially toxic metals after 6 days contact. (Concentration is expressed as µg/L) 

Sample Code V Cr Cu Zn Cd Pb U 
JW1201 < 0.05 0.11 0.07 16.3 < 0.05 < 0.05 < 0.05 

JW1301bis b < 0.05 0.29 0.08 5.6 < 0.05 < 0.05 < 0.05 
JW1302 0.07 0.14 0.06 2.0 < 0.05 < 0.05 < 0.05 
JW0504 0.71 0.65 0.06 1.8 < 0.05 < 0.05 < 0.05 

JW1301bis a < 0.05 0.55 0.12 11.3 < 0.05 < 0.05 < 0.05 
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Figure 5. Batch kinetic study of As(V) removal (%) 

for 5 different samples (0.5 g/L) and the commercial 

granular ferric oxide (GFH).  

Initial As(V) concentration was 1 mg/L. 
 

 
 

Phosphate removal/recovery capacity 

Sample JW1301bis a has shown the highest 

arsenic removal capacity and was further used  

to test also the ability to recover phosphate from  

a wastewater solution containing 5 mg/L of 

phosphate. Initial phosphate content was reduced 

by 95% within 30 min (Figure 6).  

 

 

 
Figure 6. Phosphate removal (mean and standard 

deviation reported) using the sample JW1301bis a. 
 

Final adsorption capacity was about  

0.065 mg/g of phosphorus (the mass ratio of 

phosphate ions to phosphorus was 94.97/30.97 or 

3.066 to 1) under neutral condition (pH= 7±0.5). 

Huang, W.W. et al. [23] tested the ability of red 

mud for phosphorus recovery in 1 mg/L effluent. 

They reported a plateau for removal after 5 hours 

with increasing adsorbing capacity up to 0.4 mg/g 

of phosphorus under acidic condition. 

Phyto-mycoremediation of contaminated soil by 

Helianthus annuus and Rhizophagus 

intraradices 

The concentration of elements in pots 

containing blank (BLS) and contaminated soils 

(CS), in volcanic ash (VA) and in granular pumice 

stone (PS) is reported in Table 1S (Supplementary 

material).  

CS values correspond to areas classified as 

Class 4 by remote sensing (Figure 4) by their 

content (%) of Mn and Fe, 5.07±0.21 and 

14.7±0.4, respectively. Although the sample 

extraction points correspond to areas classified  

by remote sensing as Class 1 and 2, the mixed 

proportion of the amounts of soil in each  

region (shown in Figure 3) and the addition  

of volcanic ash caused a dilution effect. CS values 

shown in Table 1S (from Supplementary material) 

present relevant amounts of CRMs as  

Ga (12.4±0.6 ppm), as well as of raw  

materials like Zn (1315.2±53.2 ppm), which 

encourage their possible recovery. Moreover, high 

concentrations of contaminants such as  

Cr (131.0±2.7 ppm) and As (11.9±0.2 ppm) are 

reported. 

No significant difference in plant growth 

(i.e., leaves development and length of the aerial 

parts) was observed among pots filled with the 

contaminated and the blank soils. Therefore, the 

presence of high contamination levels (especially 

of Mn and Fe) did not influence the development 

of Helianthus annuus plants. Moreover, no 

differences were found between mycorrhized and 

non-mycorrhized plants, indicating that the 

presence of Rhizophagus intraradices in roots did 

not influence plant growth development. 

The arbuscular mycorrhizal fungus 

Rhizophagus intraradices strain GA5 colonized 

sunflower roots at 5±4.4% and 42±5.4% in the 

CS
+
 and BLS

+
 treatments, respectively. Typical 

arbuscular mycorrhizal fungal structures were 

observed in sunflower roots with abundant 

vesicles and hyphae (Figure 7(a)). As expected, 

no arbuscular mycorrhizal root colonization was 

observed in the BLS
-
 and CS

-
 treatments  

(Figure 7(b)).  

Table 2S (Supplementary material) reports 

the average concentration of elements in CS1-4
+
 

and CS1-4
-
, as well as in related biomass (shoots 

and roots) after the phyto-mycoremediation 

treatment. Preliminary results indicated that the 

system was suitable for the uptake of some 

elements: Mn, Fe, Zn, P, Cr, Cu, Ga and As.  

A similar result was also found by Rivelli, A.R. et 

al. [24] for uptake of Zn, Cd and Cu, and for Mn 

by Hajiboland, R. et al. [25].  
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(a) (b) 

Figure 7. Root colonization of sunflower plant by the arbuscular mycorrhizal fungus Rhizophagus 

intraradices GA5 strain after 133 days.  

(a) Detail of sunflower roots with intraradical hyphae, arbuscules and vesicles developed by the arbuscular 

mycorrhizal fungus are indicated by the arrow.  

(b) Uncolonized root of sunflower plant in control treatment. 

 

Table 4 

Bioconcentration and translocation factors measured in CS1-4
+
 and CS1-4

-
. 

 As Ca Cr Cu Fe Ga K Mn P Ni Rb S Sr Ti Zn 

BCS
+
 0.17 2.14 0.02 0.26 0.00 1.57 3.50 0.01 5.35 0.02 1.44 5.28 3.65 0.01 0.90 

BCS
-
 0.12 1.84 0.01 0.23 0.00 1.06 3.09 0.01 3.94 0.01 1.30 5.18 2.31 0.01 0.94 

BCR
+
 0.28 0.94 0.26 0.27 0.10 1.27 2.11 0.08 1.73 0.53 0.16 15.01 0.70 0.17 0.79 

BCR
-
 0.52 2.19 0.09 0.60 0.19 1.71 2.28 0.15 1.20 0.21 1.39 11.53 1.26 0.37 1.14 

TF
+
 0.62 2.28 0.09 0.94 0.02 1.23 1.66 0.11 3.10 0.05 9.28 0.35 5.19 0.02 1.14 

TF
-
 0.23 0.84 0.07 0.39 0.01 0.62 1.35 0.07 3.27 0.07 0.94 0.45 1.84 0.02 0.82 

 

 

The mycorrhizal colonization enhanced the 

uptake of Cr, P and Ni in sunflower shoots and 

roots, of As, Ga and Sr in shoots, while S uptake 

was enhanced only in sunflower roots. 

Conversely, the uptake of Ca, Cu, Mn, Rb, Sr, Ti 

and Zn was reduced in mycorrhized sunflower 

roots, indicating that mycorrhizal fungus 

Rhizophagus intraradices GA5 strain did not have 

an univocal effect on elements accumulation in 

biomass.  

Table 4 reports the accumulation 

coefficients measured at the end of the 

experimental period. As to mycorrhized systems 

CS1-4
+
, bioconcentration factors in shoots (BCS

+
) 

followed the order: P(5.35)>S>Sr>K>Ca>Ga>Rb 

>Zn(0.9)>Cu>As>Ni>Cr>Mn(0.01)>Ti=Fe(0.00); 

bioconcentration factors in roots (BCR
+
) followed 

the order: S(15.01)>K>P>Ga>Ca(0.94)>Zn>Sr> 

Ni>As>Cu>Cr>Ti>Rb>Fe(0.10)>Mn(0.08); the 

translocation factor followed the order: 

Rb(9.28)>Sr>P>Ca>K>Ga>Zn>Cu(0.94)>As>S>

Mn>Cr>Ni (0.05)>Fe=Ti(0.02). 

As to biomass in CS1-4
-
, bioconcentration 

factors in shoots (BCS
-
) followed the order: 

S(5.2)>P>K>Sr>Ca>Rb>Ga(1.06)>Zn(0.94)>Cu

>As>Ni>Mn>Ti>Cr>Fe(0.003); bioconcentration 

factors in roots (BCR
-
) followed the order: 

S(11.53)>K>Ca>Ga>Rb>Sr>P>Zn(1.14)>Cu>As

>Ti>Ni>Fe>Mn>Cr(0.09); the translocation 

factor followed the order: 

P(3.3)>Sr>K>Rb(0.94)>Ca>Zn>Ga>S>Cu>As>

Mn>Ni>Cr>Ti>Fe (0.01). 

It should be considered that the observed 

values of BCS and BCR for Mn and Fe are low  

due to the very high concentration of such 

elements in soil, rather than to a poor 

bioconcentration potential: in fact, low BC  

values coexisted with high concentrations of  
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Mn and Fe in biomass (Table 2S from 

Supplementary material).  

Despite such promising results, it must be 

noticed that the overall biomass growth was not 

sufficient to sustain a significant recovery of 

elements at this stage (for instance by 

hydrometallurgical methods), therefore process 

conditions must be optimized in order to 

maximise biomass growth. 

 
Conclusions 

This methodology explores the advantage 

to employ an integrated approach to characterize 

and map as well as reuse mining wastes. The 

preliminary encouraging results highlight that the 

application of this approach is very useful and 

important to develop a circular model for 

sustainable exploitation of mining wastes towards 

near-zero waste. 

The multispectral sensor such as MSI 

(MultiSpectral Imager) on Sentinel-2A provides 

the cheapest images that can be used for mineral 

land characterization. The resulting remotely 

mining waste mapping constitutes a valuable tool 

for optimizing in situ sampling strategies aimed at 

selecting more suitable mining waste to be reused. 

Preliminary tests encourage further studies 

on the possible application of mining waste 

materials in water treatment, both for arsenic 

removal and phosphate removal/recovery. Arsenic 

removal was in the range of 40-60% and the 

efficiency could be enhanced by increasing the 

amount of solid material used to realize a filter. 

Phosphate adsorption was above 90%, therefore 

waste materials could also be successfully used to 

reduce phosphate load into surface water. 

Furthermore, in order to increase adsorption 

properties, mineralogical enrichment processes of 

higher adsorptive selected Fe minerals phases can 

be adopted. The possible release of toxic metals 

from these materials has been found negligible 

according to EU drinking water regulations. 

As to phyto-mycoremediation tests, 

preliminary results show that it is possible to 

obtain the growth of the phyto-mycoremediation 

system in areas classified by remote sensing as 

Class 1, 2, 3 and 4. The observed 

bioconcentration factors and translocation factors 

values (>0.9-1.0), or the high concentration of 

certain elements in biomass, proved that such 

system was effective for the phytostabilization or 

phytoextraction of Fe, Mn, P, Rb, Ga, Cu, S, Sr, 

and Zn, although the experimental conditions 

should be optimized in order to obtain sufficient 

biomass quantities for metals recovery through 

hydrometallurgical methods. 
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Abstract. Gismondine, laumontite and levyne type zeolites have been synthesized based on the natural 

minerals of Nakhchivan and the optimal crystallization conditions have been established. The influence 

of temperature, alkaline solution concentration, ratio of starting components and time of processing on 

the synthesis process has been studied. The mineral resources of Nakhchivan − halloysite deposits of 

Pirigel, dolomite deposits of Negram and obsidian deposits of Zangezur served as samples. The initial 

components and the reaction products have been examined by X-ray diffraction, thermogravimetric and 

elemental analysis. The optimal conditions for the synthesis of gismondine zeolite with a 100% 

crystallinity are as follows: temperature of 200°C, alkaline solution of 2 N NaOH, ratio of the initial 

components of halloysite (H):dolomite (D):obsidian (O)= 1:1:1, processing time of 50 hours. The 

optimal conditions for laumontite synthesis are: temperature of 220°C, alkaline solution of NaOH of  

1 N, H:D:O= 1:3:1, processing time of 75 hours. The optimal conditions for levyne are: temperature of 

200°C, alkaline solution of KOH of 4 N, H:D:O= 2:1:2, processing time of 100 hours. It was found that 

changes in the temperature, alkalinity, ratio of starting components and time of processing of the 

reaction have different effects on the rate of formation of products, on their degree of crystallinity and 

on the phase purity of the obtained zeolite. 
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Introduction 

The synthesis of zeolites can be carried out 

on the basis of a wide range of starting 

components. The synthesis, study of 

physicochemical properties and applications of 

zeolites, as well as their implementation based on 

the local natural resources are currently a 

promising and relevant field in modern chemistry. 

In the zeolites synthesis, diverse materials 

are used as a source of silicon and aluminum: clay 

[1-4], natural and synthetic glasses [5,6], diatoms 

[7], natural aluminosilicates [8-10], halloysite 

[11], including feldspars [12,13], zeolite-bearing 

rocks [14-16], industrial fly ash [17,18], etc. 

These starting materials mainly differ from each 

other in structural and chemical characteristics. 

As a cost-effective alternative for the synthesis of 

zeolites, is the use of natural mineral resources 

instead of chemical raw materials. In this work, 

halloysite deposits of Pirigel, dolomite deposits of 

Negram and obsidian deposits of Zangezur were 

used as initial local materials for the synthesis of 

different structural types of zeolites. 

Due to their structural features, zeolites 

such as gismondine, laumontite and levyne are 

important for their use in catalysis and ion 

exchange. According to the literature data, 

gismondine was used in water purification from 

cations of strontium, barium, magnesium, and 

also, as a highly active and selective catalyst for 

the production of biofuels [19,20]. Laumontite 

was used as an adsorbent, an ion exchanger in 

catalytic systems, and a raw material for 

producing nanomaterials [21].  

The gismondine framework topology 

consists of two sets of intersecting, doubly 

connected 4-membered rings linked into double 

crankshaft chains [22,23]. The laumontite 

framework exhibits two different types of four-

membered rings, those where SiO4 and AlO4 

alternate and those formed only by SiO4 

tetrahedra [24]. The crystal structure of levyne is 

built up of layers of single and double six-

membered rings of (Si,Al)O4 tetrahedra and 

cations are all disposed along the symmetry axis 

inside the levyne cage [25]. 

The purpose of this research work is the 

rational use of local natural resources of the 

Nakhchivan Autonomous Republic for the 

synthesis of gismondine, laumontite and levyne 
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zeolites; identification of the optimal conditions; 

evaluation of the influence of temperature and 

alkalinity on the crystallization process. 
 

Experimental  

Materials  

The mineral resources of Nakhchivan 

Autonomous Republic − halloysite deposits of 

Pirigel, dolomite deposits of Negram and obsidian 

deposits of Zangezur served as samples.  

Sodium and potassium hydroxides (flake, 

99% purity, Alfa Aesar GmbH & Co KG, 

Germany) have been used as received without 

further purification. 

Synthesis 

Hydrothermal synthesis of gismondine, 

laumontite and levyne has been carried out in 

Morey autoclaves made of 45MNFT stainless 

steel. The synthesis has been studied in the 

temperature range from 100 to 250°C, the 

concentration of the alkaline solution varied from 

0.5 to 5 N, the autoclaving time varied from 10 to 

200 hours and the fullness degree was of 70-75%. 

Solid-liquid ratio was 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 70–80°C. 

NaOH and KOH have been used as alkaline 

solutions.  

Characterization techniques 

The X-ray diffraction measurements were 

performed using the X-ray analyser 2D PHASER 

"Bruker" (Cu Kα radiation, 2θ= 5−50°), using of 

NaCl, SiO2 (quartz) and pure zeolites in internal 

and external standards. 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°. 

The thermogravimetric analysis of the 

samples has been carried out on a 

“Derivatograph-Q 1500-D” of the Hungarian 

company MOM in the dynamic mode in the 

temperature range 20-1000°С. Shooting mode: 

heating rate of 20°/min; paper speed of  

2.5 mm/min; the sensitivity of DTA, DTG and  

TG was 500 mv; ceramic crucibles with Al2O3  

as standard. 

Elemental analysis of the starting materials 

and their obtained products has been carried out 

on a Launch of Trition XL dilution refrigerator 

“Oxford instrument” multichannel X-ray 

spectrometer. Measurement mode: Pd - anode, 

voltage 25 kW, current strength 70 MA, exposure 

time 100 s, sensitivity limit of 10
-2

. Samples have 

been prepared as follows: the analyte has been 

diluted with Li2B4O7 flux (ratio 1:10) at a 

temperature of 1250°С. The resulting glass has 

been crushed and pressed under the pressure of  

20 t/cm
2 
with a holding time of 1 min. 

 

Results and discussion 

General characterization of the starting 

materials 

An analysis of the scientific literature 

showed that numerous works have been done on 

the synthesis of gismondine [26-28], laumontite 

[29], levyne [30-33]. The difference of this work 

in relation to the above is in the use of natural 

mineral resources of the country, as well as in the 

conditions of synthesis. 

The initial components and the reaction 

products have been examined by X-ray 

diffraction, thermogravimetric and elemental 

analysis. The chemical composition of the 

collected mineral resources samples is presented 

in Tables 1-3, showing that the local mineral 

resources of Nakhchivan are distinguished by 

phase purity, thus making possible their use as 

starting materials in the synthesis of zeolites.  

 

 
Table 1  

Chemical analysis of major elements (wt.%) of  

the halloysite deposit of Pirigel. 

Element Weight 
Amount of 

oxide 
Formula 

Si 29.37 44.52 SiO2 

Al 20.54 32.78 Al2O3 

Ca 1.17 2.33 CaO 

Na 0.63 0.78 Na2O 

K 0.79 0.93 K2O 

Mg 2.23 3.15 MgO 

Fe  0.98 1.47 Fe2O3 

Fe  0.73 0.87 FeO 

Ti 0.12 0.24 TiO2 

O 43.44   

  12.93 H2O 

Total 100.00   
 

 
 

 

Table 2  

Chemical analysis of major elements (wt.%) of  

the dolomite deposit of Negram. 

Element Weight 
Amount of 

oxide 
Formula 

Ca 26.38 31.34 CaO 

Mg 17.43 23.44 MgO 

Na 0.77 0.93 Na2O 

K 0.65 0.82 K2O 

Si 3.93 7.43 SiO2 

 Fe  0.98 1.07 FeO 

C 15.03 34.97 CO2 

O 34.83   

Total 100.00   
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Table 3  

Chemical analysis of major elements (wt.%) of  

the obsidian deposit of Zangezur. 

Element Weight 
Amount 

of oxide 
Formula 

Si 29.37 44.42 SiO2 

Al 20.54 32.68 Al2O3 

Ca 1.17 2.33 CaO 

Na 0.63 0.78 Na2O 

K 0.79 0.93 K2O 

Mg 2.23 3.15 MgO 

Fe 0.98 1.47 Fe2O3 

Fe  0.73 0.87 FeO 

Ti 0.12 0.24 TiO2 

Mg 0.10 0.20 MgO 

O 43.34   

  12.93 H2O 

Total 100.00   
 

X-ray diffraction patterns of the initial 

mineral resources − halloysite and dolomite of 

Nakhchivan are shown in Figure 1. Since obsidian 

is amorphous, its diffraction pattern is not 

presented. The comparison of X-ray experimental 

data with the known literature [34] showed that 

the test sample is the halloysite clay mineral 

(Figure 1(a)). In the X-ray diffraction pattern, the 

interplanar spacing is 10.48; 9.77; 4.41; 3.62;  

1.48 Å being characteristic for halloysite, which is 

dominant in the sample. Values of interplanar 

distances (d) are equal to 15.3; 11.5; 4.50; 3.07; 

2.62 Å and suggest the presence of 

montmorilonite in the sample. According to the 

diffraction pattern, quartz is also present in the 

sample (d= 4.24; 3.34; 2.45; 2.28; 1.81 Å). In the 

natural mineral - dolomite, besides the main 

mineral (d= 3.70; 3.34; 2.88; 2.19; 1.78 Å), in the 

composition of the sample also can be detected 

quartz in a small amount (d= 4.24; 3.34;  

2.45; 2.28; 1.81 Å) (Figure 1(b)). X-ray  

diffraction patterns and thermograms of the 

synthesized gismondine, laumontite and levyne 

zeolites are presented in Figures 2 and 3, 

respectively. 

According to results presented in Figure 2, 

the obtained zeolites are characterized by a high 

degree of crystallinity demonstrated by phase 

purity. Comparison of the experimental values of 

interplanar spacings (d, Å) with theoretical and 

calculated ones has shown that the obtained 

diffraction patterns indicate the obtaining of 

phase-pure gismondine, laumontite and levyne 

zeolites. In the presented diffraction patterns, 

peaks with a relative intensity of 100% 

characterize the baseline of the synthesized 

zeolites. For gismondine, a baseline with 100% 

relative intensity is characterized by a value of  

d= 4.27; 3.18 Å, for laumontite of 9.57 Å and for 

levyne of 8.15; 4.08 Å, which is in good 

agreement with the literature data [34]. According 

to the X-ray phase analysis, gismondine 

crystallizes in the monoclinic crystal system 

P1121/a with the unit cell parameters a= 9.84 Å; 

b= 10.02 Å; c= 10.62 Å, β= 92°25´; laumontite in 

the monoclinic crystal system C12/m1 with  

a= 14.90 Å; b= 13.17 Å; c= 7.50 Å, β= 111°30'; 

levyne – in the rhombohedral crystal system R 3m 

with a= 10.75 Å, α= 76°25', which also is in good 

agreement with the reference data [34]. 

Using the thermogravimetric analysis, the 

region of dehydration and thermostability of  

the synthesized zeolites has been established  

(Figure 3). The DTA curve presented in  

Figure 3(a), in the case of gismondine zeolite is 

characterized by one endothermic and one 

exothermic effect. 
 

 

 
 

(a) (b) 

Figure 1. X-ray diffraction patterns of the starting components: halloysite (a) and dolomite (b). 
 

33 



G. Mamedova / Chem. J. Mold., 2020, 15(1), 31-40 

 

 
 

  
(a) (b) 

 
(c) 

Figure 2. X-ray diffraction patterns of the synthesized zeolites obtained under optimal conditions with a 

100% degree of crystallinity: gismondine (a), laumontite (b) and levyne (c). 

 

   

(a) (b) (c) 

Figure 3. Thermograms of the zeolites obtained under optimal conditions:  

gismondine (a), laumontite (b) and levyne (c). 
 

 

The endothermic effect corresponds to the 

dehydration of the sample with a maximum of 

135°C, at which the weight loss along the TG 

curve is 13.5%. The exothermic effect, detected at 

a temperature with a maximum of 360°С, 

according to X-ray diffraction analysis, refers to 

the formation of fieldspar - anorthite. The DTA 

curve of laumontite (Figure 3(b)) is characterized 

by two endothermic and one exothermic effect. 

The first two endothermic effects relate to 

dehydration of the sample, which occurs in stages 

with maxima at 275 and 420°С, with a 16.5% 

weight loss along the TG curve. The exothermic 

effect detected at a temperature of 520°C, 

according to X-ray diffraction analysis, refers to 

the formation of anorthite. For levyne the DTA 

curve (Figure 3(c)) is characterized by two  

endo-effects thus the dehydration occurs in  

two stages in a wide temperature range from  

100 (max. 160°С) to 500°С (max. 410°С) with 

17.60% weight loss. As shown by X-ray 

diffraction analysis, the structure of levyne is 

stable at 1000°C.  
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Zeolites are very sensitive to changes in 

synthesis conditions, namely temperature, 

alkalinity and processing time [35]. The effect of 

temperature, alkaline solution concentration, the 

ratio of the starting components and processing 

time on the crystallization process of the 

synthesized zeolites has been studied.  

Figures 4, 6 and 8 show the kinetic curves of 

crystallization process of the synthesized zeolites. 

Gismondine synthesis 

The crystallization process of gismondine 

has been studied at temperatures of  

180°C, 200°C and 240°С (Figure 4). Studies  

have shown that the optimum crystallization 

temperature of gismondine with a high  

degree of crystallinity is 200°C.  

 

 
Figure 4. Kinetic curves of crystallization process 

of gismondine. 

 

At a temperature of 180°C, the crystallization 

process is not completed, and gismondine is 

obtained with a low degree of crystallinity. At a 

temperature of 240°C, the product of synthesis is 

anorthite. 

The studies conducted at various 

concentrations of alkaline solution (NaOH,  

1.0–3.0 N) showed that, in addition to 

gismondine, quartz and anorthite are present in 

the reaction product at 1.0 N NaOH. At a 

concentration of alkaline solution of 3.0 N, the 

structure of gismondine is destroyed and 

phillipsite and anorthite crystallize. The optimal 

concentration of NaOH to obtain gismondine with 

high crystallinity is 2.0 N. The effect of the ratio 

of the starting components on the crystallization 

of gismondine has showed that, the halloysite 

increase leads to crystallization of phillipsite and 

anorthite in addition to gismondine, and an 

increase of dolomite to the synthesis of anorthite. 

The increasing of the obsidian content promotes 

crystallization of phillipsite and quartz. The 

optimal ratio of the starting components is 

H:D:O= 1:1:1. The optimal crystallization time of 

gismondine is 50 hours. Less than 50 hours of 

processing time (starting from 10 hours) 

contributes to the formation of gismondine with a 

low degree of crystallinity, while increasing the 

processing time to 100 hours promotes the 

transition of gismondine into phillipsite and 

anorthite. X-ray diffraction patterns of 

crystallization products in the case of gismondine 

are presented in Figure 5. 
 

  

(a) (b) 

 
 

 

(c) (d) 

Figure 5. X-ray diffraction patterns of the products in the case of gismondine at synthesis conditions:  

180°С (a); 240°C (b); 1.0 N NaOH (c); 3.0 N NaOH (d)  

(Gis – gismondine, A – anorthite, Q – quartz, Fil – phillipsite). 
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Laumontite synthesis  

The synthesis of laumontite has been 

studied at temperatures of 180°C, 200°C, 220°C 

and 240°C (Figure 6). A study of the temperature 

influence has shown that, at 180°C, clinoptilolite, 

quartz and anorthite have been obtained; at 

200°C, clinoptilolite, laumontite with low 

crystallinity and quartz, and at 240°С, wairakite 

with a high degree of crystallinity have been 

obtained. The temperature of 220°C is optimal for 

the synthesis of laumontite with a high degree of 

crystallinity. The study of the influence of the 

concentration of NaOH solution (in the range of 

0.5–2.5 N) has showed that at 0.5 N, clinoptilolite 

and quartz are obtained; at 2.0 N, clinoptilolite 

and wairakite and at 2.5 N, wairakite crystallize.  

The optimal NaOH concentration for the  

synthesis of laumontite with a high degree of 

crystallinity is 1.0 N.  

The study of influence of the ratio of 

starting components has showed that, the increase 

of halloysite content leads to crystallization of 

wairakite and quartz in addition to laumontite 

(Figure 7). An increase of dolomite content leads 

to the synthesis of clinoptilolite and increase of 

obsidian to wairakite synthesis. The optimal ratio 

in obtaining highly crystallized laumontite is 

H:D:O= 1:3:1.  

 

 
Figure 6. Kinetic curves of crystallization process 

of laumontite. 

 

 
 

(a) (b) 

  

(c) (d) 

 
 

(e) 

Figure 7. X-ray diffraction patterns of the products in the case of laumontite at synthesis conditions:  

180°С (a); 200°C (b); 240°C and 2.5 N NaOH (c); 0.5 N NaOH (d); 2.0 N NaOH (e)  

(Cl – clinoptilolite, A – anorthite, Q – quartz, Lau – laumontite, W – wairakite). 
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Processing for 50 hours leads to the 

formation of laumontite with a low degree of 

crystallinity, and when the processing time is 

increased to 100 hours, laumontite transition into 

wairakite. The optimal processing time was 

established at 75 hours. X-ray diffraction patterns 

of crystallization products in the case of 

laumontite are presented in Figure 7. 

Levyne synthesis  

The crystallization kinetics of levyne 

zeolite has been studied at temperatures of 180°C, 

200°C and 210°C (Figure 8). The obtained results 

(Figures 8 and 9) show that levyne zeolite does 

not form at 180°C, its formation occurs at 210°C, 

but the product with 100% degree of crystallinity 

is not obtained. At a temperature, above 210°С, 

hydrothermal crystallization changes its direction 

and zeolite-levyne recrystallizes into zeolite-

phillipsite. The crystallization of zeolite at  

200°C is very intense and the zeolite-levyne with 

a high degree of crystallization is obtained.  

 

Analysis of the hydrothermal reaction products 

has shown that crystallization reaches a maximum 

within 100 hours. 

 

 
 

Figure 8. Kinetic curves of crystallization 

process of levyne. 
 

 

  

(a) (b) 

  

(c) (d) 

 
 

(e) 

Figure 9. X-ray diffraction patterns of the products in the case of levyne at synthesis conditions:  

180°С (a); 210°C (b); ˃ 210°C (c); 2.0-3.5 N KOH (d); 4.5-5.0 N KOH (e)  

(Lev – levyne, Cha – chabazite, A – anorthite, Fil – phillipsite, Q – quartz). 
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The influence of the concentration of the 

KOH solution has been studied in the range  

2.5–5.0 N. The optimal concentration of the 

alkaline solution for the synthesis of levyne with a 

high degree of crystallinity is 4.0 N. At a 

concentration of the alkaline solution below  

4.0 N, in the range 2.0–3.5 N, chabazite, 

anorthite, and quartz have been identified in the 

crystallization products. Increasing the 

concentration above 4.0 N, 4.5–5.0 N, leads to 

crystallization of phillipsite and quartz. The 

optimal ratio of the starting components in the 

crystallization of levyne with a high degree of 

crystallinity is H:D:O= 2:1:2. A decrease of 

halloysite or obsidian in the content contributes to 

the formation of levyne with a low degree of 

crystallinity. An increase of dolomite leads 

crystallization of phillipsite, chabazite and quartz. 

Processing for 50 hours leads to the formation of 

chabazite with a low degree of crystallinity and 

quartz, and when the crystallization time is 

increased to 150 hours, levyne transition to 

phillipsite. The optimal processing time is  

100 hours. X-ray diffraction patterns of 

crystallization products in the case of levyne are 

presented in Figure 9. 

Optimal synthesis conditions  

Gismondine, laumontite and levyne with a 

100% degree of crystallinity have been obtained 

under the following optimal conditions: 

temperature of 200°C, solvent concentration of  

2.0 N NaOH, ratio of the initial components of 

halloysite (H):dolomite (D):obsidian (O)= 1:1:1, 

processing time of 50 hours; temperature of 

220°С, solvent concentration of NaOH of 1.0 N, 

H:D:O= 1:3:1, processing time of 75 hours; 

temperature of 200°C, solvent concentration of 

4.0 N KOH, H:D:O= 2:1:2, processing time of 

100 hours, respectively. A representation of the 

optimal synthesis process of zeolites of 

gismondine, laumontite and levyne with a 100% 

degree of crystallinity is shown in Scheme 1.  
 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

Scheme 1. The optimal conditions of the process for the synthesis of zeolites with a 100% crystallinity: 

gismondine (a), laumontite (b) and  levyne (c). 
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The use of KOH, instead of NaOH, in the 

case of levyne, as an alkaline solution, is 

explained by the fact that the synthesis in KOH 

solutions lead to the formation of levyne with a 

100% degree of crystallinity. Most likely, in the 

case of crystallization of levyne in a solution of 

NaOH, Na
+
 cations interfere to obtain the product 

with a 100% degree of crystallinity. For this 

reason, KOH solutions have been used and 

allowed to obtain positive results. 

 

Conclusions  

The natural mineral resources of 

Nakhchivan have been used for the synthesis  

of zeolites such as gismondine, laumontite  

and levyne.  

Crystallization kinetics and the effect of 

temperature, alkaline solution concentration, 

processing time, the ratio of the starting 

components on the speed, direction and 

crystallinity of zeolites have been studied. 

Gismondine with a 100% degree of crystallinity 

has been obtained at temperature of 200°C, 

alkaline solution concentration of 2 N NaOH, 

ratio of the initial components of halloysite 

(H):dolomite (D):obsidian (O)= 1:1:1, processing 

time of 50 hours. The optimal conditions for the 

synthesis of laumontite with a 100% degree of 

crystallinity are temperature 220°C, alkaline 

solution concentration of 1 N NaOH, H:D:O= 

1:3:1, crystallization time of 75 hours. In the case 

of levyne, the optimal conditions included 

temperature of 200°C, alkaline solution 

concentration of 4 N KOH, H:D:O= 2:1:2, 

synthesis time of 100 hours.  

According to the obtained experimental 

data, even small changes in the synthesis 

conditions lead to obtain various products. It has 

been found that changes in temperature, alkaline 

solution concentration, processing time and the 

ratio of the starting components differently affect 

the rate of formation of products, their degree of 

crystallinity, the phase purity of the obtained 

zeolite. According to X-ray phase analysis, it has 

been found that, under the selected optimal 

conditions, the synthesized zeolites are 

characterized by a high degree of crystallinity. 
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Abstract. The level, composition, and distribution of hexachlorocyclohexane (HCH) and 

dichlorodiphenyltrichloroethane (DDT) residues were determined by GC-ECD technique in soil 

samples from the Soroca district, Republic of Moldova. The concentrations of DDTs and HCHs were 

up to 1100 and 640 mg/kg, respectively. The obtained results indicated that in 77% of analysed soil 

samples the (DDE+DDD)/DDT ratios showed aged sources of DDT pollution, suggesting that in the 

studied area, the DDT residues have been transformed significantly into their degradation products. The 

α-HCH/γ-HCH ratios were generally high (in the range of 1-28) suggesting that technical HCH is the 

main source of contamination. The high concentration and the degradation rates of pesticides in soil 

suggest that the contaminated sites are acting as continuous sources of pollution for the environment.  
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Introduction 

Pesticides are mostly used to prevent pests 

and to combat various biological vectors of 

human and animal diseases [1]. The main fields of 

pesticides use are health and agriculture sectors 

[2]. The distribution and fate of pesticides in the 

environment depends on many factors, including 

the dispersion method, their distribution in the 

environment, their physico-chemical properties 

(partition coefficients, degradation, and deposition 

rates) and the characteristics of the environment 

itself [3]. The most lasting pesticides are termed 

“persistent organic pollutants” (POPs). As it 

comes from their name, POPs are compounds that 

are resistant to chemical, biological and physical 

degradation and tend to accumulate in tissues of 

living organisms and along the food chain, 

causing a wide range of health problems to 

animals, fishes, and humans [4]. These are 

considered endocrine disruptors; exposure to 

POPs could lead to reproductive and immune 

dysfunctions, brain and nervous system disorders, 

developmental disorders, and cancer [5]. The 

most harmful pesticides such as organochlorine 

pesticides (OCPs) including HCHs (isomers of 

hexachlorocyclohexane), DDTs (dichlorodiphenyl 

trichloroethane, its isomers and degradation 

products isomers), polycyclic aromatic 

hydrocarbons, and triazines are listed in the 

Stockholm Convention, also named by the United 

Nations Environmental Program as “the Dirty 

Dozen” [6]. Because of their persistence, OCPs 

are found in the environment even after 20-30 

years of application to the soil and crops. To 

control soil pesticides pollution, regulatory 

guidance values are applied worldwide. 

In the Republic of Moldova, the high level 

of the organochlorine pesticides in the soil is due 

to the historical intensive use in agriculture, a 

situation that is still maintained through the use of 

new generation preparations, components less 

stable in the environment. The application of 

OCPs on the territory of the Republic of Moldova 

has been suspended since 1970, but several 

decades of their use in the Moldovan agriculture 

has left hundreds of contaminated sites, persisting 

until now [7-9]. According to regulatory guidance 

of the Republic of Moldova for values of several 

organic compounds in soil, the maximum 

allowable concentration for DDTs, for lindane 

(γ-HCH) and for HCH (hexachloran) is  

0.1 mg/kg [10,11]. 

Inventory of old pesticide warehouses 

performed by the Ministry of Environment of the 

Republic of Moldova during 2008-2010 has 

demonstrated that there is a great number of sites 

polluted with POPs [12,13]. Previous studies have 

shown that there are 252 POPs polluted sites in 

the Republic of Moldova, with the concentration 

higher than 50 mg/kg and the pollution spectra of 

the analysed sites is comprised mainly of five 

compound groups: DDT, HCH, chlordane, 
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heptachlors and toxaphene [12,14]. Studies have 

shown the presence of DDTs and HCHs 

compounds in soil, water, and biota of  

the Republic of Moldova [9,15-18]. According to 

the Dniester hydrographic district management 

plan, there are 12 warehouses that contain about 

1045.4 tons of pesticides [19]. One of the districts 

with contaminated sites is Soroca with 34.4 tons 

of pesticides that are stored in known locations, 

but their fate and impact on the environmental 

ecosystems was not assessed. 

The goal of this study was to investigate the 

residue level and composition of OCPs, and to 

identify their possible sources in soil of Soroca 

district, Republic of Moldova, as well as their 

correlation to the total OCPs pollution of soil. 

 

Experimental  

Materials 

Acetone, n-hexane, dichloromethane, 

anhydrous sodium sulphate and OCPs standard 

solution (a mix of 14 different OCPs: α-HCH,  

β-HCH, γ-HCH, heptachlor, heptachlor epoxide, 

aldrine, endrine, chlordane, o,p’-DDE, p,p’-DDE, 

o,p’-DDD, p,p’-DDD, o,p’-DDT, p,p’-DDT) of 

residue analysis grade were purchased from 

Supelco® and Sigma Aldrich. 

Standard solutions of OCPs with initial 

concentrations varying from 24.0 to 248.0 µg/mL 

were prepared by diluting the stock standard 

solution (Sigma Aldrich standard mix of  

14 different OCPs) in methanol. The stock 

standard solution was diluted at 5 different 

concentrations: 1:1000 (1 mL of standard mix and 

1000 mL solvent), 1:500 (1 mL of standard mix 

and 500 mL solvent), 1:200 (1 mL of standard 

mix and 200 mL solvent), 1:100 (1 mL of 

standard mix and 100 mL solvent), 1:50 (1 mL of 

standard mix and 50 mL solvent). 

The internal standard method using 

decachlorobiphenyl was used for the quality 

control.  

Soil sampling 

Soil samples were collected in spring- 

summer of 2012, from the proximity of 56 former 

storage sites in 30 settlements of the Soroca 

district, Republic of Moldova (Figure 1). 

Sampling was performed according to the 

method described in ISO 18400-101 [20]. One 

composite soil sample (2.5 kg of soil) comprising 

25 samples (0.1 kg each), was collected per 

contaminated site. Sampling depth was 10-15 cm 

from the ground line; the soil samples were 

combined in a rigid plastic bag in the field, 

labelled and transported to the laboratory facility.  

Pesticide residue determination  

Before pesticide residue extraction and 

determination, the collected soil samples were air 

dried at room temperature (18-20°C), ground, 

thoroughly mixed and sieved at 250 µm particle 

size. The extraction procedure was made 

according to the United States Environmental 

Protection Agency method 3500B [21]. The 

extraction of the analytes of interest (DDTs and 

HCHs) was performed by the microwave assisted 

extraction procedure.  
 

 
 

Figure 1. The map of sampling sites of the Soroca district  

(Republic of Moldova). 
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For this purpose, a portion of 10 g of sample was 

placed in the extraction vessel to which a  

volume of 20 mL of appropriate solvent  

(n-hexane/acetone, 1:2, v/v) was added. For a 

better extraction yield, for each sample the 

extraction was done twice at maximal power of 

microwave extraction system (140 W) for 15 min. 

After cooling down, the extracts were collected in 

the glass condenser and concentrated in n-hexane 

to a 1 mL volume. Extracts were purified on 

adsorption chromatography columns filled up 

with 1 g of silica gel previously activated for 16 h 

at 135°C. The column was conditioned with 5 mL 

of hexane. The analytes of interest were eluted 

from column with 5 mL of n-hexane, followed by  

5 mL of n-hexane/dichloromethane mixture  

(1:1, v/v). The final elutes were concentrated to  

1 mL under argon flow. One blank sample was 

prepared for each set of soil samples. The blank 

value was subtracted from the sample 

chromatogram for further calculations. 

An internal standard (spike) was added to 

samples prior to extraction. The spiking was done 

by adding 1 mL of decachlorobiphenyl to each 

sample, to achieve a concentration of 0.05 µg/mL 

in the final sample. 

The method used for the OCPs 

determination was validated within laboratory 

conditions and the limit of detection (LOD), limit 

of quantification (LOQ), precision (RSDR), 

recovery and working range were calculated 

(Table 1). LOD and LOQ were calculated based 

on the standard deviation of the response and the 

slope by using Eq.(1) and Eq.(2), respectively: 
 

                    (1) 
 

                   (2) 

 

where σ- the standard deviation of the response, 

µg/kg;  

S- the slope of the calibration curve [22].  
 

The precision and recovery of the analytical 

procedure were tested with a reference material 

(CRM847, clay loam, Sigma-Aldrich, USA).  

The recovery was calculated as the ratio between 

the found concentration of analyte and the 

concentration stated to be present in the sample. 

The precision of the analytical procedure was 

calculated as the standard deviation of a series of 

measurements. 

Instrumentation 

Determination of OCPs was done according 

to the operational procedure based on SM SR ISO 

10382:2008 on a gas chromatograph 6890 system 

of Agilent [23]. System parameters were:  injector 

type:  split/splitless; 300°C temperature; 2 µL 

injected volume; split 5:1; carrier gas: He,  

1.4 mL/min, or average velocity 30 cm/sec, 

constant flow; column type: HP–5MS with length 

of 30 m, internal diameter 320 µm, and 0.25 µm 

film thickness; detector: µECD, 3200°C 

temperature; oven program: initial: 100°C for  

1 min, 1
st
 rate 20°C/min, isothermal: 200°C for  

3 min, 2
nd

 rate 10°C/min, isothermal: 280°C for  

6 min, ChemStation, ChemStation Integrator. 

Statistical Analysis  

The statistical analysis of the experimental 

data was performed using the Analyse-It Add-in 

of Microsoft Excel 2016 software. The link 

between the OCPs concentrations was described 

by the Pearson correlation test, at the p≤ 0.05 

degree of confidence [24,25]. The principal 

component analysis tool was used for predicting 

the sources of pollution by grouping the data into 

different interrelated modules based on their 

component loading [26,27]. 

 

Results and discussion  

To fulfil the aim of this study, 

concentrations of organochlorinated pesticides 

such as DDTs and HCHs were assessed in soils of 

the Soroca district, Republic of Moldova in the 

proximity to the former pesticides’ storages.  

 
 

 
Table 1 

Validation parameters of the SM SR ISO 10382:2008 method. 
Compound LOD,  

µg/kg 

LOQ,  

µg/kg 

Concentration range,  

µg/kg 
RSDR,  

% 
Recovery,  

% 

α-HCH 0.003 0.008 0.005-0.05 9.45 94 

β-HCH 0.014 0.041 0.015-0.2 7.03 107 

γ-HCH 0.004 0.012 0.005-0.05 7.36 93 

o,p’-DDE 0.014 0.041 0.028-0.45 8.24 91 

p,p’-DDE 0.013 0.041 0.015-0.2 8.36 92 

o,p’-DDD 0.043 0.130 0.045-0.4 10.89 89 

p,p’-DDD 0.025 0.077 0.025-0.38 12.89 113 

o,p’-DDT 0.014 0.041 0.028-0.45 5.59 100 

p,p’-DDT 0.021 0.065 0.025-0.52 16 113 
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Results of this study will offer a better 

understanding on the fate of these contaminants in 

the environment and the risks associated with 

agricultural and industrial pollution. 

The chromatogram of one of the samples 

with composite soil extract for the study area is 

shown in Figure 2. The statistical results of OCPs 

in the soils from Soroca district, Republic of 

Moldova, are presented in Table 2. According  

to the obtained results, the overall concentration 

of OCPs (ΣOCPs) in surface soils of Soroca 

district, Republic of Moldova, ranged between 

0.072 and 1953.6 mg/kg with mean concentration 

of 84 mg/kg. The order of overall OCPs 

concentration in different sites was: γ-HCH>  

p,p’-DDT> α-HCH> o,p’-DDT> p,p’-DDE>  

β-HCH> o,p’-DDD> p,p’-DDD> o,p’-DDE.  

The degree of contamination is in concordance 

with the study performed previously by 

Bogdevich, O. et al. [28]. 
 

 

 
 

 

 

Figure 2. Chromatogram of the soil extract (DCB*-indicates the internal standard). 
 

 

 

Table 2 
Organochlorine pesticides concentration (mg/kg) in analysed soil. 

Compound Mean SD Median  Minimum Maximum 

α-HCH 11.2 51.9 0.26 ND 369 

β-HCH 4.23 13.6 0.29 ND 87.7 

γ-HCH 18.8 131 0.07 ND 978 

ΣHCHs 34.3 160 0.77 ND 1096 

o,p’-DDE 1.54 7.32 0.06 ND 53.8 

p,p’-DDE 6.57 36.0 0.43 ND 270 

o,p’-DDD 2.90 14 0.09 ND 101 

p,p’-DDD 2.34 10.1 0.10 ND 69.8 

o,p’-DDT 8.76 34.7 0.26 ND 212 

p,p’-DDT 12.5 71.4 0.23 ND 531 

ΣDDTs 34.6 141 1.38 ND 841 

ΣOCPs 83.99 286.56 4.1 0.072 1953.6 

Note: Mean, standard deviation (SD), maximum and minimum were calculated assuming that non-detected (ND) 

measurements were equal to zero. 
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Total DDT concentrations (ΣDDTs), 

comprised of two DDT isomers and four DDT 

degradation products (o,p’-DDT, p,p’-DDT and 

o,p’-DDD, p,p’-DDD, o,p’-DDE, p,p’-DDE), 

were up to 841 mg/kg dry weight. The average 

concentration of total DDT observed in sampling 

locations was 34.6 mg/kg. 

The total content of HCHs (ΣHCHs) that is 

the sum of concentrations of α, β and γ isomers, 

was up to 1096 mg/kg dry weight and the overall 

concentration of the total HCHs was 34.3 mg/kg. 

ΣDDTs concentration in most of the soil 

samples (57.17%) is relatively higher than the 

ΣHCHs concentrations (42.9%), however the 

mean concentrations are equal, indicating that the 

concentrations of DDTs and HCHs are evenly 

distributed among samples (Figures 3 and 4). 

There are two possible reasons that might 

explain the high concentrations of DDTs in soil 

samples of Soroca district compared to HCHs 

concentration. The first possibility is that HCHs 

have less lipophilic properties, higher volatility 

and water solubility than DDTs [29], thus could 

be more easily transferred from the source point 

to surrounding farmland via surface runoff. On 

the other hand, it may be due to their different use 

and stored amount over the soviet period (during 

1960-1980). There was a correlation between 

ΣHCHs concentration and ΣDDTs concentration 

(R
2
> 0.42) as shown in Figure 5, suggesting  

that they may have similar sources and fate in this 

area [29]. 

Dichlorodiphenyltrichloroethane and its 

degradation products 

Technical DDT generally consists of  

p,p’-DDT isomer (approx. 85%), with lesser 

amounts of o,p’-DDT and o,o’-DDT isomers [30]. 

Residues of DDTs in the environment  

include p,p’-DDT, its isomer o,p’-DDT  

and their degradation products (o,p’-  

and p,p’-dichlorodiphenyldichloroethylene  

(o,p’- and p,p’-DDE) and o,p’- and  

p,p’-dichlorodiphenyldichloroethane (o,p’- and 

p,p’-DDD)). In environmental ecosystems,  

p,p’-DDT degrades mainly to p,p’-DDE and  

p,p’-DDD as a consequence of different 

environmental factors [30].  

The p,p’ isomers of DDT, DDD and DDE 

were present in higher concentration than the 

associated o,p’ compounds (Table 2). The  

p,p’-DDT residues were detected in  

levels≤ 531.0 mg/kg dry weight in 96% of the 

total soil samples. The p,p’-DDE isomer was 

detected in 98%, with levels≤ 69.8 mg/kg and 

p,p’-DDD in 77% with levels≤ 270 mg/kg.  

The mean concentrations of individual 

compounds in soil samples were as follows:  

o,p’-DDE< p,p’-DDD< o,p’-DDD< p,p’-DDE< 

o,p’-DDT< p,p’-DDT (Table 2). Such an order 

could be explained by the transformation of DDT 

to its degradation products, DDE and DDD. 

 

 

 

 
 

 
 

Figure 3. ΣHCHs distribution in studied soil samples. Figure 4. ΣDDTs distribution in studied soil samples. 
 

 
 

Figure 5. Correlation of ΣDDTs and ΣHCHs. 
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(a) (b) 

 

 

(c) 

 

Figure 6. Distribution of DDT isomers concentration: correlation for the concentrations of DDE isomers (a), 

DDD isomers (b), DDT isomers (c) to the total DDT isomers concentrations (ΣDDTs). 
 

 

After DDT usage, a considerable amount of 

DDT may be converted to p,p’-DDE [31]. In 

Figure 6, the distribution of total concentration of 

DDT isomers, and their degradation products 

(DDE and DDD) is shown, suggesting that  

DDT isomers are more abundant in the  

soils of the studied area. Thereby, sources of 

DDTs could be identified according to the  

ratios of (p,p’-DDE+p,p’-DDD)/p,p’-DDT or  

p,p’-DDE/p,p’-DDT. A ratio value >1 suggest a 

past input of DDT, and a ratio <1, respectively, 

suggest a recent input of the pollution [29,32]. 

The degradation status of DDT was 

evaluated using (DDE+DDD)/DDT ratios, which 

varied from 0.005 to 49.3 [33]. In 77% of 

analysed soil samples these ratios showed aged 

sources of pollution with DDT, indicating that 

DDT residues have significantly been transformed 

into their degradation products in these areas. 

There are strong positive correlations in the 

concentrations of the DTT isomers and their 

degradation products (R
2
= 0.78-0.97, p< 0.01), 

indicating common sources of pollution  

(Figure 6). 

Hexachlorocyclohexanes  

The α-HCH residues were detected in 

levels up to 369.0 mg/kg dry weight in 96% of the 

total soil samples. The β-HCH isomer was 

detected in 98% of analysed samples, with levels 

up to 87.7 and γ-HCH isomer in 80% with levels 

≤ 978 mg/kg (Table 2).  

The percentage distribution of HCH 

isomers in total HCHs varied among soil samples 

(Figure 7). This may be related to the 

isomerization of HCH during the transformation 

process in soil as well as the differences in 

physico-chemical properties and degradation rates 

[34]. The β-HCH was the most dominant isomer 

in soil samples that is due to the differences in the 

degradation rates of the HCH isomers, β-HCH 

being the most stable and persistent in soil 

[34,35]. The persistence of β-HCH in soil is 

mainly due to a higher partition coefficient (Kow) 

and a lower vapour pressure than of other HCH 

isomers, which enhances its adsorption into soil 

and hinders its evaporation. The α-HCH/γ-HCH 

ratios varied from 0 to 28 and both low and high 

ratios were found in samples, indicating both 

lindane and technical HCH as the sources of HCH 

contamination. Very high ratios may be related to 

old inputs and transformation of γ-HCH into  

α-HCH [36]. There are strong positive 

correlations in the concentrations of most HCH 

isomers (R
2
= 0.48–0.90, p< 0.01) (Figure 7), 

indicating common pollution sources.  
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(a) (b) 

 

 
(c) 

 

Figure 7. Distribution of HCH isomers concentration: correlation for the α-HCH isomer (a),  

β-HCH isomer (b), and γ-HCH isomer (c) to the total HCH isomers concentration (ΣHCHs). 
 

 

Factor analysis 

Factor loading plot showed loadings for 

each OCP in the principal component plane 

(Factor 1 that shows the largest possible variance 

in the data set versus Factor 2 which is 

uncorrelated with Factor 1 and accounts for the 

next highest variance; Figure 8).  

 

 
 

Figure 8. Loading plot of factor analysis based on 

concentrations of organochlorine pesticides. 

ΣHCHs is sum of α-HCH, β-HCH, and γ-HCH. 

ΣDDTs is sum of p,p’-DDE; o,p’-DDE; p,p’-DDD. 

o,p’-DDD; o,p’-DDT and p,p’-DDT.  

ΣOCPs is the sum of all OCPs.  

The circles indicate factors of high scores. 
 

By processing, two factors were considered 

here, accounting for 81.0% of the total variance. 

Factor 1 explained 51.8% of the total variance and 

was mainly associated with p,p’-DDD (0.83), 

o,p’-DDT (0.74), p,p’-DDT (0.92), γ-HCH (0.94), 

which were generally high correlated with the 

total concentrations of OCPs (Table 3). In  

Factor 1, α-HCH (0.52) and β-HCH (0.69) had 

medium loading, meaning that the HCHs 

appeared to have the similar contributions to 

OCPs and originated from the similar source. 

Factor 2 was associated mainly with the o,p’-DDE 

(0.97), p,p’-DDE (0.96) and o,p’-DDD (0.97). 

The fact that DDT isomers were the highest 

loading of all the factors, suggested that they 

appeared to have higher contributions to OCPs 

than other individual OCPs.  

According to the relevance to both Factor 1 

and Factor 2, these components can be 

represented by DDT and HCHs, respectively.  

The DDT and HCHs accounted for the highest 

loading for Factor 1, whereas the DDE and  

DDD isomers accounted for the highest loading 

for Factor 2 (Table 3). This finding suggested  

that DDT and HCHs showed larger contributions 

to OCPs possibly originating from the similar 

source. 

Summarization of the obtained results 

revealed that the compositions of the 

contaminants indicated mainly the parent 

compounds with low levels of degradation 

products at most sites. The slow degradation rates 

of the pesticides for most sites and their low 

mobility in soil suggest that the contaminated 

sites are acting as continuous point sources of 

contamination for the environment.  
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Table 3 

Pearson correlations of OCPs identified in the analysed samples. 
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Σ
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o,p’-DDE 1           

p,p’-DDE 0.98
*
 1          

o,p’-DDD 0.98
**

 0.97
**

 1         

p,p’-DDD 0.36
**

 0.40
**

 0.49
**

 1        

o,p’-DDT 0.55
**

 0.54
**

 0.68
**

 0.92
**

 1       

p,p’-DDT 0.097 0.11 0.26 0.94
**

 0.87
**

 1      

ΣDDTs 0.61
**

 0.62
**

 0.73
**

 0.94
**

 0.99
**

 0.85
**

 1     

α-HCH -0.02 -0.02 0.00 0.15 0.12 0.16 0.12 1    

β-HCH 0.03 0.03 0.09 0.36
**

 0.33
*
 0.38

**
 0.32

*
 0.96

**
 1   

γ-HCH -0.02 0.02 0.14 0.91
**

 0.79
**

 0.99
**

 0.78
**

 0.21 0.41
**

 1  

ΣHCHs -0.02 0.01 0.12 0.82
**

 0.72
**

 0.89
**

 0.70
**

 0.58
**

 0.74
**

 0.92
**

 1 

*
, 
** Significant at probability P< 0.05 and P< 0.01, respectively. 

 

 
This study should be considered as a first 

steppingstone (as a regional study) towards a 

major investigation on the main sources and 

levels of OCPs throughout the territory of the 

Republic of Moldova. The study has highlighted 

the area of Soroca district with high 

concentrations of some OCPs that could pose 

some potential human health concerns, which 

need addressing urgently. Thus, remediation 

measures are required to reduce the levels of the 

contaminants. 

 
Conclusions  

The OCPs compounds concentration was 

determined in urban and rural soils in the 

immediate proximity of former pesticides storages 

in the Soroca district, in the north-eastern part of 

the Republic of Moldova. The main findings 

revealed that the concentration of nine OCPs were 

up to 1954 mg/kg (average was 84 mg/kg). The 

level of contamination in the analysed samples 

was higher than the national maximum allowable 

concentration in soil (0.1 mg/kg for γ-HCH and 

DDTs). The highest concentrations were found 

within the former pesticides’ storage points.  

The HCH and DDT isomers and their 

degradation products were the most abundant 

contaminants, accounting for 79.4% of the total 

OCPs. Diagnostic ratios of DDTs residues and of 

HCHs isomers clearly unveiled a dominance of 

historical application of these compounds in soil. 

The most dominant OCP species were γ-HCH, 

followed by p,p’-DDT and o,p’-DDE isomer  

was present in smallest amount, that confirms the 

high persistence and slow degradation of the 

studied OCPs. 

The compositions of the contaminants 

indicated mainly the parent compounds with low 

levels of degradation products at most sites. The 

slow degradation rates of the pesticides for most 

sites and their low mobility in soil suggest that the 

contaminated sites are acting as continuous point 

sources of contamination for the environment.  
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Abstract. The concentrations of the accumulated heavy metals such as cadmium, lead, copper, 

mercury, zinc, and chromium have been determined in the muscles, gills and liver of the fish species of 

Clupea pallasii, Macolor niger and Pristipomoides filamentosus collected from the waters of the South 

Pacific Ocean around Lautoka in Fiji. Results of this study show the order of metal accumulation in 

tissues of all fishes as follows: Zn ˃Cu ˃ Cr ˃Cd ˃Pb ˃Hg. Overall, the contents of heavy metals in all 

the samples were below the permissible limits, except for chromium that is slightly higher than the 

limits of 0.15 mg/kg and 0.05 mg/kg set by Food and Agriculture Organization of the United Nations 

and World Health Organization regulations respectively. As anticipated, the muscles contain the lowest 

concentration of all metals. Significant variations in heavy metal concentrations were found between 

different tissues within each species of fish. 
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Introduction 

In recent decades, industrial and urban 

activities have contributed to the increase of 

heavy metal contamination in the marine 

environment and have directly affected coastal 

ecosystems [1]. For this reason, the level of 

contaminated substances in fish tissue is often 

related to those found in their surroundings. Some 

of the heavy metals are essential to the 

physiological processes of fish, while others are 

toxic even at low concentrations. These heavy 

metals can enter the fish through feeding, the 

respiratory tract or the skin [2]. Sources of heavy 

metal accumulation come from food, water and 

sediments. In general, higher the concentration of 

metals in water, the more they are accumulated 

and stored by the fish [3,4]. The relationship 

between metal concentration in fish and water has 

been studied in field and laboratory experiments 

[5]. Various fish species can store different 

amounts of metals from the same aquatic 

environment. In terms of metal accumulation, 

these differences between fish species may be 

related to their lifestyle and diet [6]. Studies on 

many fish have shown that these metals alter the 

physical activity and biochemical parameters of 

tissues and blood. The toxic effects of heavy 

metals have been reviewed, among which many 

researchers include their bioaccumulation [7,8].  

The presence of heavy metals in fish may 

pose a substantial risk to fish consumers such as 

human beings that include serious threats like 

renal failure, liver damage, cardiovascular 

diseases and even death [9,10]. Because of the 

dangers associated with the consumption of heavy 

metals, their concentration in commercial fishes 

in Fiji should be periodically examined to 

evaluate the possible risks linked to the 

consumption of contaminated fish. During the last 

twenty to thirty years, the concentrations of heavy 

metals in fish have been comprehensively 

investigated in various parts of the globe [11-13]. 

Most of the studies were concentrated mainly on 

the heavy metals in the fish muscles i.e. the edible 

part of the fish. Furthermore, few studies reported 

the distribution of metals in different organs such 

as bone, liver, gonads, kidneys, digestive tract and 

the brain [14,15]. 

Lautoka, (17.6242° S, 177.4528° E) is the 

second largest city of Fiji. It is in the west of the 

island of Viti Levu. The South Pacific Ocean 

encircles almost half of Lautoka and is the main 

source of fisheries. No analysis has been done to 

date on the presence of heavy metal ions in the 

fish species generally found at the coast of 

Lautoka. Therefore, the objective of the current 

study is to determine the heavy metals 

concentration (Cd, Pb, Cu, Hg, Zn, Cr) in the 
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muscles, gills and liver of the three different fish 

species such as Clupea pallasii, Macolor niger, 

Pristipomoides filamentosus collected from the 

waters of the South Pacific Ocean around Lautoka 

in Fiji. 

 

Experimental 

Generalities 

All solutions were prepared with analytical 

grade reagents and ultra-pure water (18 MΩ cm) 

generated by purified distilled water with the 

Milli-QTM PLUS system (Millipore, Bedford, 

MA, USA). High grade HNO3 and HClO4 were 

obtained from Merck, Germany. Standard 

solutions were prepared from stock standard 

solutions of the metals (Merck, multi-element 

standard, Germany) by diluting the stock 

solutions in mg/mL [16]. All glass and plastic 

items were hosed overnight with 10% (vol./vol.) 

nitric acid, washed with distilled water as well as 

deionized water and dried before use. 

Fish sampling 

The samples of the fish species Clupea 

pallasii (Pacific Herring), Macolor niger (Black 

Snapper), and Pristipomoides filamentosus 

(Crimson Jobfish) were purchased from the 

fishermen, at the key fish landing areas on the 

South Pacific Ocean around Lautoka in Fiji. A 

total of 15 fish samples, comprising 3 species and 

for each species five samples were collected on 

different dates between April to November 2018. 

The fishes were then classified with the help of an 

expert zoologist. The collected fish were instantly 

stored in an icebox kept in a polystyrene bag and 

shifted to the laboratory where they were weighed 

and the total length measured. They were kept in a 

deep freezer at around -25°C for further analysis. 

Lengths to nearest cm and weights to nearest g of 

the investigated fishes are presented in Table 1. 

The stated weight and length are given in the 

range from minimum to maximum of the three 

measurements taken for each species. 

Preparation of samples 

Before analysis, the frozen fish samples 

were moderately defrosted and then the fishes 

were dissected with a stainless steel knife to take 

out the muscles, liver and gills. Multiple samples 

of 2-5 g were used for ensuing analysis. The 

removed parts were kept in several Petri dishes 

and oven dried using a microwave digestion 

system (Multiwave 7000, Anton Paar GmbH, 

Germany) that ensures the novel pressurized 

digestion cavity (PDC) at temperature up to 

300°C and pressure up to 199 bar, respectively. 

The internal temperature control was used to 

assist the acid digestion process to eliminate the 

content of water. This helps in achieving complete 

digestions of samples. The samples for heavy 

metal analysis were performed according to the 

method prescribed by the association of official 

analytical chemists [17].  

Procedure: A quantity of 0.5 g of dried fish 

parts was placed in a 125 mL Erlenmeyer flask 

with glass beads and 25 mL deionized water. In 

this, 10 mL of 1:2 mixture of concentrated HNO3 

and HClO4 were added. The sample was boiled 

until the solution became clear. The completely 

digested sample was allowed to cool to room 

temperature. The clear solution was transferred to 

a 50 mL volumetric flask to bring up to the 

volume with deionized water and mixed. 

Determination of heavy metals 

The samples were analysed for Cd, Pb, Cu, 

Zn, and Cr using the AA800 Perkin Elmer atomic 

absorption spectrophotometer (Norwalk, CT, 

USA) with an air/acetylene flame. The 

instrumental parameters were adjusted in order to 

achieve a maximal signal-to-noise ratio. The 

accuracy and precision of the analytical procedure 

were tested with a reference material (DORM-2, 

dogfish muscle, National Research Council, 

Canada). The mean recoveries of Cd, Cr, Cu, Zn, 

and Pb were 98.6, 104.3, 100.8, 89.2, and 96.5%, 

respectively. The instrument limit of detection 

(LoD) was calculated as the concentration was 

associated with thrice the standard deviation of 

the background noise recorded on seven 

measurements of the procedural blank [18]. The 

instrument limit of quantification (LoQ) was 

calculated as the concentration was associated 

with 10 times the standard deviation of the 

background noise [19]. The methods LoD and 

LoQ were calculated in a similar way by  

using real sample digest with concentrations of 

metals in the range of one to five times the 

instrument LoD. 

 

 

 

Table 1 

Length and weight of examined fish species. 

Common name Scientific name Length (cm) Weight (g) 

Pacific Herring Clupea pallasii 34―41 500―550 

Black Snapper Macolor niger 27―34 280―450 

Crimson Jobfish Pristipomoides filamentosus 26―42 400―800 
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The Hg was determined using the Milestone 

DMA-80 direct Mercury Analyzer (Milestone Srl, 

Italy). The sample weight required is between 

0.020 and 0.006 g, with drying temperature of 

300°C for 60 seconds. The samples were analysed 

at the Institute of Applied Sciences, University of 

South Pacific, Fiji.  

The blank sample was analysed together 

with each batch of samples. All samples were 

analysed three times. The concentrations of heavy 

metals were given in mg/kg, wet weight (wet wt.) 

for the fish sample. 

 

Results and discussion 

The increase in human population and 

economic growth contributed significantly to the 

current global decline in water quality, including 

the periodic accumulation of heavy metals such as 

Cd, Pb, Cu, Hg, Zn, and Cr in the waters of the 

South Pacific, Lautoka Bay, Fiji. The  

non-essential metals have no metabolic function; 

but as a consequence of their bioaccumulation in 

fish, these metals may be toxic to human beings 

even at very small concentrations [20]. The 

exposure to heavy metals in water leads to the 

accumulation in the body of all aquatic organisms 

but fishes are generally more affected with respect 

to any other organisms [21,22]. The Food and 

Agriculture Organization (FAO) of the United 

Nations and World Health Organization (WHO) 

have established the allowed limits of heavy 

metals in fishes, these are presented in Table 2. 

The comparison among the three fish species in 

the Lautoka waters according to their metal 

accumulation levels in muscles, liver and gills are 

given in Tables 2, 3 and 4, respectively. 

The accumulation of heavy metals in the 

tissues of the different species was found to be 

almost similar. Therefore, the accumulation 

concentration of zinc and copper were the highest 

in all tissues of the species, except for copper in 

gills of Pristipomoides filamentosus whereas the 

accumulation concentration of cadmium, lead and 

mercury were at the lowest levels. For example, 

the order of metal accumulation in muscles of 

Clupea pallasii was Zn ˃Cu ˃Cr ˃Cd ˃Pb ˃Hg. 

The similar order was also followed in the tissues 

of all other species. 

However, the trends of the accumulation of 

heavy metals in all the three different species 

were similar but there were large differences in 

the amounts of heavy metal accumulation in the 

examined tissues of the species. This shows that 

the three different species of the fishes in the 

identical region accumulated diverse levels of 

heavy metals in their tissues. The results 

presented in Tables 2, 3 and 4 show that all the 

fish contain the lowest concentrations of metal in 

the muscles except for copper and zinc whereas 

almost all the species of fish have the highest 

concentrations of chromium in liver. 

 

 

Table 2 

Heavy metal concentration (mg/kg) in muscles of fish species. 

 Cu Zn Cr Cd Pb Hg 

Clupea pallasii   0.771±0.013                 12.402±0.01 0.291±0.001 0.233±0.003 0.112±0.001                 0.021±0.001 

Macolor niger  0.472±0.011 18.331±0.06 0.344±0.003 0.151±0.002                      0.091±0.003                      0.092±0.002                      

Pristipomoides 

filamentosus  

0.521±0.002 15.614±0.02 0.312±0.002 0.081±0.001 0.021±0.001 0.073±0.001 

WHO
*
  30 40 0.05 1 2 0.5 

FAO
** 

30 30 0.15 0.5 0.5 0.5 

The maximum allowed heavy concentration established by 
*
WHO and 

**
FAO.

 

 

Table 3 

Heavy metal concentration (mg/kg) in gills of fish species. 

 Cu Zn Cr Cd Pb Hg 

Clupea pallasii   0.491±0.015 7.403±0.01 0.391±0.008 0.192±0.001 0.364±0.003 0.164±0.001 

Macolor niger  0.422±0.01 9.201±0.04 0.313±0.005                        0.261±0.002 0.243±0.001                         0.071±0.001                        

Pristipomoides 

filamentosus  

0.372±0.013 9.902±0.02 0.421±0.006 0.331±0.001 0.292±0.002 0.181±0.001 

 

Table 4 

Heavy metal concentration (mg/kg) in liver of fish species. 

 Cu Zn Cr Cd Pb Hg 

Clupea pallasii   0.683±0.007               13.702±0.02                  0.441±0.004               0.332±0.001               0.181±0.001               0.061±0.001                

Macolor niger  0.612±0.004                    23.112±0.04 0.473±0.006                     0.291±0.001                     0.304±0.002                     0.103±0.001                    

Pristipomoides 

filamentosus  

0.451±0.003 17.803±0.02 0.401±0.004 0.223±0.002 0.251±0.002 0.142±0.001 
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The gills were found to have the maximum 

concentration of lead. The highest concentrations 

of mercury show a discrepancy between gill and 

liver in the three different species with the 

maximum value in the tissue of Pristipomoides 

filamentosus. Many studies have shown that 

active metabolic organs like gill and liver can 

accumulate a greater concentration of heavy 

metals as compared to the tissues of muscles [23]. 

The variations in the metal concentrations in 

tissues may be due to their ability to induce inter-

metal binding proteins such as metallothioneins, 

as reported in many earlier studies [24,25]. The 

gill is an important site for the entry of the heavy 

metals and is the first target organ for exposure in 

fish [26]. The high concentration of metals in the 

gills is due to the metals complexation with the 

mucus. The concentration of metals in the gill 

reflects the level of the metals in the waters where 

the fish live, whereas the concentration in liver 

represents the storage of metals [27]. Thus, the 

gills in fish are more often recognized as the 

environmental indicator organs of water pollution 

than any other fish organs [28].  

Copper being identified as a vital element, 

it is necessary for a wide variety of enzymes and 

other cellular components with important 

functions in all living beings. However, the 

excessive consumption of copper is harmful to 

human health as it leads to toxicity, and other 

related ailments. The current investigation shows 

the concentrations of copper in muscles was the 

highest (0.77 mg/kg) in Clupea pallasii whereas 

the species Macolor niger shows the lowest 

amount (0.47 mg/kg). The concentration of 

copper in gills was lower in comparison to  

the muscles and the minimum concentration  

(0.37 mg/kg) was present in Pristipomoides 

filamentosus. As far as liver is concerned, the 

copper accumulation was found similar to that  

of muscles and gills. The safe and adequate  

daily intake of copper is estimated at  

1.5-3.0 mg for adults [8]. The mean concentration 

of copper in fish tissue samples ranged from  

0.37-0.77 mg/kg, which is similar to  

0.251-0.907 mg/kg according to the available 

literature [29], but for human consumption, it was 

not greater than the allowed level (Table 2) by 

FAO/WHO [30]. The high copper concentration 

can be attributed to oil dropping by frequent 

boating activities or may be due to too much 

fishing activities around the sampling site. 

Zinc is harmful to human health if taken in 

excess and may cause intoxication [31]. Zinc 

levels found in the tissues of fish species are less 

than the FAO permitted limits (Table 2) of  

30 mg/kg [32]. The species Macolor niger has the 

maximum amount of zinc in liver (23.1 mg/kg) as 

well as in muscles (18.3 mg/kg) in comparison 

with the other two species. In the gills, the highest 

concentration of zinc (9.9 mg/kg) was found in 

Pristipomoides filamentosus.  

Chromium is among the common heavy 

metal pollutants that enters the water through the 

effluents from electroplating, dyeing, or printing 

industries. Chromium is an affective teratogenic 

and carcinogenic agent for human. The allowed 

limit established by WHO for chromium is  

0.05 mg/kg [33]. The concentrations of chromium 

were comparatively lower for all the organs of the 

species. The lowest concentration (0.29 mg/kg) 

was in the muscles of Clupea pallasii, while the 

maximum concentration (0.47 mg/kg) was 

determined in the livers of Macolor niger. 

Therefore, the chromium concentration for all 

samples was higher than the limit (0.05 mg/kg) 

prescribed by WHO (Table 2). 

Cadmium is not an essential element 

however it competes with calcium ion at the 

enzyme sites of the organism. Cadmium is 

considerably accumulated in the liver, followed 

by gills and muscles. According to FAO standard, 

the maximum admissible limit of the 

concentration of cadmium is 0.5 mg/kg [32]. 

Cadmium tends to have pronounced nephrotoxic 

potential and the excessive intake may lead to 

renal and hepatic toxic effects [34]. Since fish 

muscles are the main edible part, the 

concentration of cadmium was found to be lowest 

in the muscles except gills of Clupea pallasii of 

all the species investigated. Cadmium 

concentrations in the samples of all the species  

of analyzed fish were below the legal limits  

(Table 2).  

The maximum concentration of lead 

detected in this investigation was in the gills of 

Clupea pallasii (0.36 mg/kg), whereas the lowest 

concentration (0.02 mg/kg) was determined in  

the muscles of Pristipomoides filamentosus. 

Henceforth, regardless of the investigated fish 

species, lead concentration in all the analyzed 

samples was lower than the level 0.5 mg/kg 

specified by FAO [35] given in Table 2. 

The consumption of fish containing 

mercury above the permissible limit may badly 

affect the central nervous system and the 

endocrine system. The concentration of mercury 

in all the investigated samples was found to be 

lower than the permissible limits prescribed by 

FAO which is 0.5 mg/kg [36]. However, the 

accumulation of mercury even at very low 

concentrations is toxic. 
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Table 5 

Comparative results for metal accumulation in fishes (mg/kg) from different locations. 

Location Cu Zn Cr Cd Pb Hg Ref. 

Gulf of Oman, 

Oman 
0.24-19.5 1.82-67.3 0.054-0.072 <0.005 0.011-0.005 <0.5 [38] 

Hainan coastal 

area, South 

China Sea, 

China 

0.93±0.006 9.95±0.99 1.82±0.31 0.002±0.001 0.07±0.02 - 
[39] 

Coastal waters 

of Terengganu, 

Malaysia 

0.007±0.001 0.109±0.04 - 0.005±0.002 - - 
[40] 

Bulgarian Black 

Sea Coast, 

Bulgaria 

0.71±0.18 8.74±0.98 0.03±0.01 0.08±0.001 0.06±0.01 0.16±0.02 
[41] 

Rio de Janeiro 

State Coast, 

Brazil 

2.18±0.19 4.71±0.60 - 0.02±0.008 0.2±0.1 - 
[42] 

The Coast of 

Lautoka, Fiji 
0.532±0.006 12.631±0.03 0.382±0.004 0.231±0.001 0.204±0.001 0.091±0.001 

Present 

study 
 

 

 

The concentration of mercury is generally 

greater in the liver of fishes than in the muscles 

tissue [37]. However, the present investigation 

does not follow the trend and the maximum 

concentration of 0.18 mg/kg was determined in 

the gills of Pristipomoides filamentosus and the 

minimum concentration was present in the 

muscles of Clupea pallasii (0.02 mg/kg). 

The comparison of literature results for 

metal accumulation in fishes studied from 

different locations has been summarized in  

Table 5. The average concentration of copper in 

this study was approximately the same as 

compared to the reported values. However, the 

average accumulation of zinc was the highest in 

the current investigation compared to the  

other studies, except the results reported by de 

Mora, S. et al. [38]. In case of the average 

concentration of chromium, it was only less than 

that determined in fish samples from Hainan 

coastal area, South China Sea. The average 

cadmium concentrations level reported in the 

present study were higher than the previous 

studies in different locations. For the average 

level of lead, it was found to be higher than 

reported results except for the Rio de Janeiro State 

Coast, Brazil. The average mercury level in 

different parts of fish in this research was found to 

be below than the levels reported in the selected 

literature. 

 

Conclusions  

The heavy metals concentration (Cd, Pb, 

Cu, Hg, Zn, Cr) was determined in the muscles, 

gills and liver of three different fish species such 

as Clupea pallasii, Macolor niger, Pristipomoides 

filamentosus collected from the waters of the 

South Pacific Ocean around Lautoka in Fiji. 

The obtained results indicate that the 

highest concentration was detected for zinc  

(23.112 mg/kg) in the liver of Macolor niger and 

the lowest concentration was found for mercury 

(0.021 mg/kg) in the muscles of Clupea pallasii. 

There was no single type of fish that was 

consistently high for all metals. The concentration 

range of the investigated metals including copper 

(0.372-0.771 mg/kg), zinc (7.403-23.112 mg/kg), 

cadmium (0.081-0.332 mg/kg), lead (0.021- 

0.364 mg/kg) and mercury (0.021-0.181 mg/kg), 

was within the permissible limits recommended 

by FAO/WHO, thus makes them available for 

human consumption. However, the concentration 

of chromium among all the three species was in 

the range of 0.291-0.473 mg/kg, higher than the 

WHO limit of 0.05 mg/kg.  

The results of this study show considerable 

variations in the bioaccumulation in muscles, gills 

and livers for the specific heavy metals in the 

fishes from the waters of South Pacific Ocean 

around Lautoka in Fiji. 
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Abstract. This paper tackles the potential uses of agricultural wastes (sawdust, sunflower seed shells, 

pumpkin seed shells, cherry pits, walnut shells, and green walnut shells) for the production of pellets. 

Combustion heat was determined for these wastes and their thermal decomposition in an air atmosphere 

was analysed. Five types of mini-pellets were made from different combinations of available wastes and 

their thermal behaviour was analysed by the microscale combustion calorimetry method. The results 

were compared with those obtained for pellets available on the market and it was concluded that the 

mini-pellets obtained from agricultural wastes can be used to maintain combustion in heating systems 

based on pellets boilers. 

 

Keywords: waste, biomass pellet, combustion heat, thermogravimetric analysis, microscale combustion calorimetry.  

 
Received: 04 May 2020/ Revised final: 02 June 2020/ Accepted: 05 June 2020 

 

 

Glossary 

CP  cherry pits 

DWS  dried walnut shells 

GWS  green walnut shell 

PSS  pumpkin seeds shells 

SSS  sunflower seed shells 

S sawdust 

WF  wheat flour 

Pc  pellets commercially available 

HRC   heat release capacity 

HRR  heat release rate 

PHRR  peak heat release rate 

THR  total heat release 

MCC  microscale combustion calorimetry method 

 

Introduction 

The concern of the researchers to develop 

new ways of the use of biomass for energy 

purposes is continuous and is supported almost 

worldwide. Wood pellets are a form of biomass, 

however they have the disadvantage of being 

relatively expensive, therefore cost-effective 

alternatives should be proposed. Holubcik, M.  

et al. showed that woody plants such as red 

raspberries and black currants have similar energy 

properties as Norwegian spruce sawdust pellets 

and could be regarded as efficient replacements to 

wood pellets [1]. The amount of wastes 

originating from agriculture increases along with 

agricultural production. These residues could be 

converted to energy sources by techniques such as 

combustion, gasification, pyrolysis, etc., however 

the use of these raw wastes has some 

disadvantages, including the low energy density, 

low energy efficiency, large storage capacity and 

problems related to transportation and 

distribution. In order to improve the 

transportation, storage and energy generation 

characteristics of agricultural wastes, its bulk 

density should be increased. Briquetting is one of 

the methods of increasing bulk density up to 

1000-1200 kg/m
3
, compared to 30-150 kg/m

3
 for 

raw material, and the volume may be reduced by 

8-10 times [2]. 

Increased domestic and industrial demand 

for biomass heat and energy production in 

Canada, United States, Europe and China has led, 

in recent decades, to a strong global pellet market 

and a market growth is forecast for the coming 

years. In the near future, agricultural wastes have 

great potential in the biomass pellets industry.  

It is, therefore, of great interest to study the 

characteristics of this new category of raw 

materials, paying special attention to the problems 

that they may cause in terms of both production 

and use. From a technical point of view, the main 

difference between wood pellets and agropellets is 

the latter’s slight friability, slightly lower energy 
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efficiency and higher ash content [3]. With  

14.8 million hectares, Romania is the second 

largest agricultural producer in Central and 

Eastern Europe, after Poland, and currently holds 

one of the best positions in Europe in terms of 

biomass [3]. Within the country, the biomass 

energy sector is divided. Wood production is 

concentrated in the Carpathians and 

Subcarpathians, while agricultural by-products are 

produced in the southern part of the country and 

in the region of Moldova. In order to guarantee an 

independent supply of energy for the rural 

population, concepts have been developed to 

produce energy and heat from agricultural  

by-products. Nowadays, it appears that biomass 

pellets production strongly competes with direct 

biomass burning due to higher investment costs 

for pellets production [3].  

In the next years, agro-pellets could play a 

more important role in the supply of thermal 

energy to households and towns/cities, after 

overcoming the difficulties related to agro-pellets 

combustion in small and medium boilers [4]. 

Several studies have been carried out in the last 

two decades that examined for example the 

thermochemical characteristics and performance 

of solid olive residues suggesting that these  

are a promising biomass resource, which could be 

used for energy [5,6]. On the other hand,  

Brlek, T. et al. suggested limiting the burning of 

olive processing waste pellets due to their high 

nitrogen content [7]. 

Marculescu, C. and Ciuta, S. established 

that over 20% of each kilogram of grapes 

processed for wine is waste. They analysed the 

thermal degradation of grape marc in a laboratory 

oven and found that it possesses high energy 

efficiency (19.7 kJ/kg) [8]. Rossini, G. et al. have 

found that tomato waste may be suitable for 

combustion, but its relatively high nitrogen 

content may cause NOx emission problems; 

therefore, the authors suggested the separation of 

tomato waste into combustion peels and seeds for 

vegetable oil production [9]. González, J.F. et al. 

have studied the tomato waste combustion in a 

wall boiler and found that tomato residues proved 

more efficient in the boiler than other biomass 

(forest residues, sorghum, almond kernels and 

cane) [10]. Ruiz-Celma, A. et al. have studied 

tomato seeds and peels pellets and reported a high 

energy value and an energy density (approaching 

8 GJ/m
3
) similar to that of other biomass pellets, 

regardless of their low bulk density values [11].  

In 2017, Brunerová, A. et al. have analysed the 

use of residual biomass from oats (Avena sativa), 

wheat (Triticum spp.), poppy (Papaver 

somniferum) and barley (Hordeum vulgare L.) 

residues, which were chosen because these do not 

require additional mechanical processing,  

when leaving the post-harvest processing  

lines. The assessment of the recorded results 

showed a satisfactory level of chemical quality 

and high energy potential of all investigated 

materials, yet a low level of their mechanical 

quality [12,13].  

The goal of this study was to assesses the 

possible uses of specific agricultural wastes, dried 

walnut shells (DWS), green walnut shell (GWS), 

cherry pits (CP), sunflower seed shells (SSS), 

pumpkin seeds shells (PSS) and sawdust (S), for 

pellets production, respectively to obtain easily 

reproducible products in a household or small 

farm.  

 

Experimental 

Materials 

Selected agricultural wastes, sawdust, 

sunflower seed shells, pumpkin seed shells, cherry 

pits, walnut shells, and green walnut shells, were 

assessed based on their combustion heat; additives 

(wheat flour - WF) were used to produce mini-

pellets. The initial material consisted of various 

types of wastes dried at room temperature 

(approximately 20°C). Note that pumpkin seed 

shells dried slower than sunflower seed shells. 

The green walnut shells were already dried when 

these were gathered after harvesting the nuts.  

The dried agricultural wastes were then ground  

in a mortar to facilitate the formation of  

mini-pellets. 

Pellets production 

The mini-pellets were obtained by 

pressing/compressing a mixture of properly dried 

and minced ingredients. In order to improve the 

combustion process, approximately 6% beech 

wood ash (A) with an installed power of 7 KW 

was also included in the 5 types of mini-pellets. 

The ash was introduced as catalyst for the 

combustion process of mini-pellets [14].  

The obtained mini-pellets were of 15 mm in 

diameter and 5 mm in length. Table 1 shows their 

percentage mass composition by codes. The 

humidity present in the 5 types of mini-pellets 

(Table 1) was determined indirectly from the 

thermogravimetric analysis. The recorded results 

on the obtained mini-pellets were validated by 

analysing the thermal behaviour of the pellets 

commercially available, with a diameter of 6 mm, 

humidity of 7.7% and calorific value declared by 

the manufacturer of 18.2 MJ/kg. 
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Table 1 

Information about the mass composition (%) of the obtained mini-pellets. 

Pellets 
WF, 

% 

GWS, 

% 

CP, 

% 

DWS, 

% 

PSS, 

% 

SSS, 

% 

S, 

% 

A, 

% 

Total 

mass, g 

Humidity, 

% 

P1 

 

30.05 31.65 - - - - 32.36 5.94 0.9134 6.31 

P2 

 

27.40 27.91 - - - 39.03 - 5.66 0.9173 6.68 

P3 

 

22.68 - 37.30 - - 34.12 - 5.90 0.9279 5.75 

P4 

 

27.20 32.29 - 34.53 - - - 5.98 0.9372 7.68 

P5 

 

18.45 38.50 - - 37.00 - - 6.05 0.8375 5.05 

 
 
 

Methods 

The combustion heat of agricultural wastes 

was determined using a Berthelot calorimeter. 

The samples were compressed and burned in a 

platinum crucible. The used calculation ratio 

(Eq.(1)) [15]: 

 

s

298,C
0

Fe
298,C

0

m

)Fe(HmTC
H




 

 

(1) 

 

where,  C- heat capacity of the calorimeter 

(1.04∙10
4
 J/K); 

ΔT- temperature difference accompanying 

the combustion (°C);  

mFe- mass of the burned Fe thread (g);  

)Fe(H 298,C
0

- iron standard enthalpy of 

combustion (-6.658∙10
3
 J/g);  

ms- mass of the sample submitted to 

combustion (g); 

298,C
0H - standard enthalpy of 

combustion of the sample submitted to 

thermal degradation. 

 

Thermogravimetric analysis was performed 

dynamically, in air with a flow rate of  

20 cm
3
/min, with a heating rate of 10C/min, 

within the 25-700C temperature range and the 

sample weight between 3.8 and 4.3 mg. The 

Mettler Toledo TGA-SDTA851
e
 equipment was 

used, and the thermogravimetric (TG), derivative 

thermogravimetric (DTG) and differential thermal 

(DTA) curves were processed using Mettler 

Toledo’s STAR software. The operating 

parameters were kept constant for all types of 

analysed wastes, in order to obtain comparable 

data. The main thermogravimetric and thermal 

characteristics considered were: Tonset - the 

temperature at which the thermal degradation 

starts at every stage; Tpeak - the temperature at 

which the thermal degradation is maximum;  

Tendset - the temperature at which the degradation 

process ends for each stage; W- percentage weight 

loss and DTA characteristic (exo- or endothermal 

processes). 

The flammability behaviour of the samples 

was tested using an FTT Micro Calorimeter with 

microscale combustion calorimetry (MCC) 

method. The weight of the analysed samples 

ranged between 3.64 mg and 5.15 mg, and they 

were heated at a rate of (1°C/s) in a nitrogen 

atmosphere with a flow rate of 80 cm
3
/min; the 

resulting gases were mixed with oxygen with a 

flow rate of 20 cm
3
/min and then fed into the 

combustion chamber heated to 900°C.  

The oxygen consumption rate was measured 

continuously and the heat release results were 

calculated as the mean of five measurements for 

each sample. Note that ASTM D7309-2007 

(method A) was applied, which involves sample 

degradation in a nitrogen atmosphere; then, as 

specified above, the flue gases are fed into a 

combustion chamber where these are  

thermally oxidized until exhausted [16]. By 

applying these tests, the following parameters 

were measured: HRR (heat release rate), TPHRR 

(peak heat release rate temperature), PHRR (peak 

heat release rate), THR (total heat release) and 

HRC (heat release capacity). The residue 

remaining after the analysis was weighed and 

reported as a percentage [17,18]. 
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Results and discussion 

Combustion heat determination  

Heats of combustion are usually determined 

by burning a known amount of the material in a 

bomb calorimeter with an excess of oxygen, and 

the heat of combustion can be determined by 

measuring the temperature change. Table 2 

compares the combustion enthalpies obtained 

using a Berthelot calorimeter for the analysed 

types of wastes and also presents values from the 

literature. The combustion heat was determined 

for the studied starting material originating from 

agricultural wastes, the obtained results are 

graphically represented in Figure 1. 

According to literature data, wood 

combustion enthalpy ranges between 18800 and 

20100 J/g [15]. The results shown in the Table 2 

prove that the combustion enthalpy values 

recorded for pumpkin and sunflower seed shells 

are only slightly lower than the values for wood. 

The combustion heat of the analysed samples 

increases in the following order: green walnut 

shells < dried walnut shells < cherry pits < pellets 

available on the market < sunflower seed shells < 

pumpkin seed shells < sawdust. 

 

 
Figure 1. Temperature variation in the calorimeter 

for the analysed wastes. 
 

 

Thermogravimetric analysis  

The TG, DTG and DTA curves given 

comparatively in Figures 1S and 2S 

(Supplementary material) and Figure 2 enabled 

determining the main thermogravimetric 

characteristics of the analysed wastes presented in 

Table 3. According to the obtained results, in 

stage I, humidity is removed from wastes and 

varies between 4 and 11%. After humidity 

removal, the thermal decomposition of sawdust 

(S) and sunflower seed shell (SSS) samples takes 

place in two stages. In the case of sawdust, 

according to literature, the mass loss in the second 

stage may be associated with the total 

decomposition of hemicellulose and cellulose  

and with the partial decomposition of lignin.  

The last stage corresponds to the decomposition 

of the remaining lignin and the burning of carbon 

residues [24]. As expected, the main 

thermogravimetric characteristics obtained for 

commercial pellets (Pc) are close in value to those 

of S. The amount of residue obtained at 700°C is 

9.48% for S and 6.10% for Pc. The main 

decomposition stage of SSS occurs within the 

252-333°C temperature range and is accompanied 

by a 48.43% mass loss. Compared to S, the SSS 

thermal decomposition onset at this stage occurs 

earlier with a deviation of 15C, probably due to 

the higher hemicellulose content, which is rich in 

poor etheric bonds that are thermally unstable and 

produce volatile combustible species, capable  

of homogeneous combustion in the gaseous  

phase [25,26]. 

A different behaviour was noted in the case 

of the thermal decomposition in air of pumpkin 

seed shells, which, at temperatures higher than 

350°C, undergo a two-process transformation, 

with decomposition rate temperatures peaks at 

459 and 514°C, respectively. At the end of the 

second stage, up to a temperature of 437C, a 

series of stable intermediates are probably 

formed. In the case of this type of seeds (PSS), a 

twice higher amount of residue was obtained, 

compared to the other samples (S and SSS). 

 

 

Table 2 

Combustion enthalpy values for the analysed wastes (J/g). 

Sample This work Literature data 

Sawdust (S) 19826.93 19700 [19], 19482 [20], 9573 [21] 

Sunflower seed shells (SSS) 18549.64 18674 [22] 

Pumpkin seeds shells (PSS) 18780.16 - 

Green walnut shells (GWS) 14785.18 - 

Cherry pits (CP) 17071.47 19870 [22] 

Dried walnut shells (DWS) 16157.44 17800 [23] 

Pellets commercially available (Pc) -                         18200
*
 

*
value declared by the producer 
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The largest amount of residue at 700°C is 

produced by GWS. In the last stage, this sample 

saw a highly exothermal thermooxidation process 

(Figure 2), accompanied by a considerable mass 

loss within the 580-630°C temperature range. At 

the end of the third decomposition stage, GWS 

also forms a stable intermediate whose 

decomposition starts at a temperature greater than 

580°C. Both DWS and CP have comparable 

residual amounts, which are four times lower than 

those of SSS and S; however, as shown above, 

their caloric capacities are lower than those of the 

latter types of wastes. After removal of the 

humidity, the thermal decomposition of the DWS 

takes place in two stages with temperatures at 

which the degradation rate is maximum at  

285 and 472°C respectively. The last stage of 

degradation is the thermooxidation process which 

ends at the temperature of 507°C and is 

accompanied (according to the DTA curve  

shown in Figure 2) by a highly exothermic  

process. Dried walnut shells were analysed by 

applying the TG/GC/MS (thermogravimetry/gas 

chromatography/mass spectrometry) technique in 

a helium atmosphere, within 25-900°C 

temperature range, by Fan, F. et al., who found 

that in an inert atmosphere (helium) the thermal 

decomposition of walnut shells takes place in a 

single stage with a 347°C peak degradation rate 

temperature [27]. The TG/GC/MS technique 

applied on these dried walnut shells samples has 

helped to the identification of more than 20 

different substances in pyrolysis gases, of which 

can be mentioned furan, furfural, benzene and 

long chain alkanes, etc. Petuhov, O. analysed the 

thermal decomposition of walnut shells in a 

nitrogen atmosphere and found that the process 

takes place in several stages. In the first stage, the 

removal of humidity and volatile substances takes 

place and is accompanied by a mass loss of 7.1%. 

In the following stages, hemicellulose, cellulose 

and lignin decompose [28]. In the case of wheat 

flour used as an additive to produce mini-pellets, 

thermal decomposition in an air atmosphere  

takes place in three stages. The first stage 

characterized by an endothermal process, 

according to the DTA curve (Figure 2), which 

corresponds to approximately 10% of moisture 

removal. Starch decomposition in disaccharides 

occurs during the second stage, within the  

274-317°C temperature range, with a 54.34% 

mass loss. The process continues at temperatures 

higher than 420°C, with depolymerisation of 

amylose and amylopectin [29]. 

Considering the decomposition onset 

temperature as a thermal stability criterion, 

obviously disregarding humidity removal, the 

following thermal stability increase sequence for 

the analysed materials was obtained: green walnut 

shells  sunflower seed shells  pumpkin seed 

shells  dried walnut shells  cherry pits  

sawdust  wheat flour. 

 

 
Figure 2. DTA curves of the analysed wastes. 

 

Microscale combustion calorimetry analysis of 

the obtained pellets 

The MCC was used to analyse the 5 mini-

pellets whose composition was described in 

Experimental section (Table 1) and a type of 

wood pellets available on the market used in 

heating systems based on pellets boilers. The 

mini-pellets taken for analysis had a mass ranging 

between 4.11 mg and 5.15 mg and were heated at 

a rate of (1°C/s) in a nitrogen atmosphere with a 

flow rate of 80 cm
3
/min; the resulting gases were 

mixed with oxygen at a flow rate of 20 cm
3
/min, 

then introduced into the combustion chamber of 

the device heated to 900°C. The variation of the 

heat release rate (HRR) of the tested samples was 

calculated as a function of time shown in  

Figure 3. The diagrams prove that only for the 

mini-pellet denoted P1 the curve separates two 

peaks, but at much lower values of the HRR, 

compared to the other mini-pellets. The 

microscale combustion calorimetry was 

previously used by Agarwal, G. et al. to analyse 

the energetic properties of coal, biomass and 

mixtures. This is one of the few studies identified 

in the literature in which the microscale 

combustion calorimetry method is used  

to study the thermal behaviour of residues from 

agriculture [30]. The HRR peak obtained  

for corn biomass is 37.5 W/g, whereas the HRR of 

corn – leached biomass, in which inorganic  

salts were removed by washing with distilled 

water for two hours at 110°C and then dried  

under air at the same temperature, increased to 

58.2 W/g [30]. According to the data shown in 
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Figure 3 and Table 4, the PHRR value,  

60.78 W/g, was obtained for the mini-pellet 

marked P3 containing WF, CP, SSS, S and A. The 

mini-pellet marked P3, has the highest HRC 

value, and also a higher heat release rate peak 

temperature (Figure 3S, Supplementary material). 

The pellet containing 100% wood material (Pc), 

available on the market, obviously had a high 

PHRR value, i.e. 99.07 W/g, which was higher 

than that of mini-pellets made of different 

agricultural vegetable waste. 

 

Table 3 

Thermogravimetric characteristics of the analysed wastes. 

Sample Stage 
Tonset , 

°C 

Tpeak , 

°C 

Tendset , 

°C 

W, 

% 

Residue, 

% 

S 

I 52 69 95 4.23 

9.48 II 267 327 339 51.37 

III 339 454 476 34.92 

SSS 

I 57 78 113 4.05 

8.18 II 252 299 333 48.43 

III 333 464 491 39.34 

PSS 

I 56 76 106 5.38 

17.26 
II 258 320 349 43.79 

III 437 459 501 19.34 

IV 501 514 561 14.23 

GWS 

I 51 70 99 8.93 

22.9 
II 219 278 302 30.79 

III 302 369 450 18.00 

IV 583 624 631 19.38 

CP 

I 58 81 156 8.39 

2.26 
II 262 290 320 26.08 

III 320 344 369 27.38 

IV 458 511 533 35.89 

DWS 

I 54 84 120 8.91 

2.54 II 258 285 349 52.76 

III 414 472 507 35.79 

WF 

I 44 66 105 10.15 

3.86 II 274 301 317 54.34 

III 428 495 542 31.65 

Pc 

I 48 65 95 5.48 

6.10 II 268 331 349 56.08 

III 410 457 498 32.34 

 

 
Figure 3. Time-dependent HRR curve representation for the obtained pellets. 
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Table 4 

Microscale combustion calorimetry results for the obtained pellets. 

Pellets 
Mass, 

mg 

THR, 

kJ/g 

PHRR, 

W/g 

TPHRR, 

°C 

HRC, 

J/gK 

Residue, 

% 

P1 5.12 3.28 29.34 328.46 29.96 14.84 

P2 5.15 4.67 47.86 336.06 49.22 22.71 

P3 4.11 5.77 60.78 355.34 61.03 20.19 

P4 4.60 2.78 34.65 324.80 35.37 20.21 

P5 4.40 3.72 38.72 329.93 38.78 24.09 

Pc 4.30 8.42 99.07 375.59 122.64 17.67 

 

 

P1 generated the smallest amount of 

residue. All mini-pellets obtained from plant 

wastes produce heat for about 350 seconds, 

according to time-dependent HRR curve  

(Figure 3). The results show that the latter had a 

higher HRC than our mini-pellets and also a 

higher heat release rate peak temperature. Pellets 

available on the market, marked Pc in the diagram 

in Figure 3, produce heat for about 275 seconds. 

Based on the results achieved in this study, it was 

shown that HRC is lower for mini-pellets than for 

commercial wood pellets, however, the duration 

of the combustion process is greater in their case, 

and the amount of ash obtained is comparable. 

Nonetheless, it can be concluded that mini-pellets 

made from agricultural waste can be used together 

with wood pellets to maintain combustion in 

heating systems based on pellets boilers. 

 

Conclusions  

This paper is devoted to the evaluation of 

the combustion heat of specific agricultural 

wastes, dried walnut shells, green walnut shell, 

cherry pits, sunflower seed shells, pumpkin seeds 

shells and sawdust, which may be used for pellets 

production. Their thermal decomposition in an air 

atmosphere was analysed within the 25-700°C 

temperature range.  

Combustion heat and thermal stability 

increase sequences for the analysed materials 

were thus established. Combustion heat values 

greater than 18000 J/g were obtained for: 

sunflower seed shells, pumpkin seeds shells and 

sawdust. A different behaviour was noted in the 

case of the thermal decomposition in air of 

pumpkin seed shells, which, at temperatures 

higher than 350°C, undergo a two-process 

transformation. At the end of the second stage, a 

series of stable intermediates are probably formed 

up to a temperature of 437°C. It has also been 

noted that the largest amount of residue at 700°C 

was produced by green walnut shells. At the end 

of the third decomposition stage, green walnut 

shells also formed a stable intermediate whose 

decomposition starts at a temperature greater than 

580°C. 

Five types of mini-pellets were made from 

different combinations of selected wastes and 

their thermal behaviour was analysed by the 

microscale combustion calorimetry method. The 

mini-pellet, marked P3, containing wheat flour, 

cherry pits, sunflower seed shells and ash has 

shown the best energy performances and the 

better flammability behaviour. In comparison to 

commercially available pellets, the five prepared 

mini-pellets have a longer combustion time.  
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Abstract. This paper reports on the synthesis and structure re-refinement of bis(lidocaine) 

diaquatetrathiocyanatonickelate(II). The compound with the formula (LidH)2[Ni(NCS)4(H2O)2], where 

Lid is (2-(diethylamino)-N-(2,6-dimethylphenyl)acetamide, crystallizes in the monoclinic space group 

P21/c with a= 18.3509(5), b= 7.6532(2), c= 14.9585(4) Å, β= 109.964 (2)°, V= 1974.57 (9) Å
3
, and  

Z= 2. Coordination of the Ni
2+

 ion with thiocyanate ions and water molecules generates the slightly 

distorted octahedral anion [Ni(NCS)4(H2O)2]
2–

 with N-bonded thiocyanate groups, while two protonated 

cations LidH
+
 remain in an outer coordination field. The anion and cations are associated  

through hydrogen bonds formed by sulphur atoms with amido nitrogen atoms; water molecules and an  

amino nitrogen atom are involved in the formation of hydrogen bonds with sulphur atoms of 

neighbouring unit cells arranging alternating [Ni(NCS)4(H2O)2]
2–

 anions and LidH
+ 

cations into endless 

sheets lying in the ac plane. 

 

Keywords: lidocaine complex, nickel(II), crystal structure, hydrogen bond. 
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Introduction 

Lidocaine or lignocaine (2-(diethylamino)-

N-(2,6-dimethylphenyl)acetamide, Lid, see  

Figure 1) is a drug used as an anesthetic and for 

the treatment of chronic pain [1]. The lidocaine 

base is easily soluble in diethyl ether, but  

poorly soluble in water, and thus is used as its 

chlorohydrate salt Lid
.
HCl

.
H2O, which is  

water soluble. 

Analytical profiles of lidocaine and its salt 

are discussed in [2], and current data are given in 

[3,4]. Despite the fact that the molecular 

mechanism of action of local anesthetics upon the 

nervous system and contribution of the cell 

membrane to the process are still controversial 

[4], as was suggested about half a century ago [5], 

the ability to hydrogen bond donation is essential 

to the action of local anesthetics [5]. 

The crystal structure, hydrogen-bonding 

arrangement and conformation of the lidocaine 

molecule are significantly different for the free 

base, hydrochloride and other salts. Thus, the 

structure of lidocaine is characterized by the 

presence of two independent molecules in the 

asymmetric unit and by chains of hydrogen-

bonded molecules in the crystal structure (space 

group: P21/c, a= 12.9590(3) Å, b= 13.8003(3) Å, 

c= 18.8288(5) Å, α= 90°, β= 122.340(3)°, γ= 90°). 

The intermolecular hydrogen bond is formed 

between the amido nitrogen and aceto oxygen 

atoms with N
…

O distance of 2.8746(17) Å and  

N–H–O angle of 140.9(18)
o
 [6]. 

Lidocaine hydrochloride monohydrate 

crystals, Lid
.
HCl

.
H2O, are monoclinic, P21/c,  

Z= 4; if not taking into account the alternative 

structure present at about 5% occupancy, then the 

predominant structure is fully hydrogen bonded, 

with adjacent lidocaine cations linked by water 

molecules into endless chains parallel to b axis. 

Adjacent chains related by the screw axes are 

joined in pairs by chlorine ions, which bind N
+
H 

and H2O groups in different chains [7,8].  
 

              
Figure 1. Lidocaine base (left) and lidocaine hydrochloride monohydrate (right). 

 

67 



K. Amirkhanashvili et al. / Chem. J. Mold., 2020, 15(1), 67-74 

 

The crystals of lidocaine 

hydrohexafluoroarsenate, LidH
.
AsF6, are 

monoclinic, C2/c, Z= 8; the lidocaine moiety was 

found to be in the biologically active cationic 

form, with the protonated amino nitrogen atom. 

This atom is strongly hydrogen-bonded to the 

oxygen atom of an adjacent cation and joins pairs 

of cations across the centers of symmetry,  

while the amido nitrogen atom is weakly 

hydrogen-bonded to a fluorine atom of the 

hexafluoroarsenate anion [9]. The lidocaine bis-p-

nitrophenylphosphate, [LidH]
+ 

[C12H8N2O4P]
–
, 

crystallizes in the monoclinic space group P21/c, 

Z= 4; both the amino and the amide hydrogen 

atoms participate in hydrogen bonds to  

the phosphate group, with N
…

O distances of  

2.690 and 2.801 Å, respectively [10]. 

Lidocaine barbiturate, [LidH]
+
[C4H3N2O3]

–
, 

was synthesized and studied not for medical use, 

but as a nonlinear optical material. All nitrogen 

atoms participate in hydrogen bonding with  

N
…

O distances from 2.697(2) to 2.833(2) Å and 

N–H–O angles from 151 to 177°, forming tapes 

lying in the bc plane [11].  

Bis(lidocaine) tetrathiocyanatocobaltate(II) 

hydrate crystals, Lid2[Co(NCS)4](H2O), are 

triclinic, space group no. 2, Z= 2; the packing 

shows a layered arrangement along c axis, 

lidocaine remains in the free base form and its 

layer is penetrated by the sulphur atom of one of 

the thiocyanate groups [12]. For crystals of 

lidocaine tetrachlorocobaltate(II) (monoclinic, 

space group P21/c, Z= 2), Lid4(CoCl4)2 [13], and 

crystals of lidocaine tetrabromozincate(II) 

(orthorhombic, space group Pbca, Z= 8), 

Lid4(ZnBr4)2 [14], the asymmetric unit has four 

ligand molecules and two metal groups; the 

molecules are stacked and the metal and ligands 

do not form independent layers. In the cobalt(II) 

and nickel(II) complexes (Lid2MX2, where M is 

Co
2+

 or Ni
2+

, X is dicyanamide C2N3
–
 or 

thiocyanate SCN
–
) lidocaine chelates metal ions 

through the amide and amino groups [15]. The 

tetrathiocyanatopalladate(II), (LidH)2[Pd(SCN)4], 

crystallizes in the monoclinic space group P21/n, 

Z= 4; the palladium atom is in a square planar 

coordination, the coordination polyhedron is 

undistorted and it does not show any  

hydrogen bonding with protonated lidocaine, the 

packing of the molecules shows a strongly  

layered arrangement [16], same as in the crystal 

structures of bis(lidocaine) tetrabromocuprate(II) 

(monoclinic, P21/c, Z= 4), Lid2CuBr4 [17], and the 

lignocaine hydrochloride – nickel thiocyanate 

complex (monoclinic, P21/a, Z= 4) [18]. All of 

the listed lidocaine coordination compounds were 

obtained for medical use, but only for the 

cobalt(II) and nickel(II) complexes with lidocaine 

as a bidentate ligand, it was reported, that metal 

coordination enhanced the DNA binding activity, 

cleavage activity and cytotoxic properties of 

lidocaine [15]. 

The purpose of our work was to obtain  

new complexes of lidocaine and define  

their physico-chemical properties and structure;  

this contribution concerns bis(lidocaine) 

diaquatetrathiocyanatonickelate(II). 
 

Experimental 

Generalities 

All solvents and reagents were obtained 

from commercial sources and were used as 

received without further purification. 

Synthesis 

Starting materials were lidocaine free base 

C14H22N2O (Lid), nickel chloride hexahydrate 

NiCl2
.
6H2O, and anhydrous potassium thiocyanate 

KSCN. Nickel(II) complex of lidocaine was 

prepared in water-methanol solution (pH 5-6) 

with 1:2:4 molar ratio of the nickel chloride, 

lidocaine, and potassium thiocyanate. The 

prepared mixture was filtered, placed on a 

magnetic stirrer with heating for a while, and then 

left at room temperature for slow evaporation, 

details are given in [19]. Crystals suitable for  

X-ray measurements started to form after  

2-3 days. The resulting crystals were washed with 

ether and dried in air. Isolated yield 67%. 

Elemental analyses data (wt.%) calculated for 

C32H50N8NiO4S4: C 48.18; H 6.32; N 14.04; Ni 

7.36; O 8.02; S 16.04; found: C 48.12; H 6.29; N 

14.01; Ni 7.39; O 8.05; S 16.07.  

Physical measurements 

Fourier transform infrared spectra were 

recorded on a AgilentCary 630 FTIR spectrometer 

over the wavenumber range 4000–400 cm
–1

 using 

KBr pellets.  

Elemental analysis was performed using a 

Labertherm CHN elemental analyser and a 

Perkin-Elmer atomic absorption spectrometer.  

Melting point values have been measured 

on the Dynalon SMP10 device. 

X-ray diffraction measurements were 

carried out with an Oxford Diffraction 

XCALIBUR E CCD diffractometer equipped with 

graphite-monochromated MoKα radiation. The 

data collection, cell refinement and data reduction 

were carried out with the CrysAlis
PRO

 package of 

Rigaku Oxford Diffraction [20]. The structure 

(Table 1) was solved by direct methods and 

refined against F
2
 with full-matrix least-squares 

using the programs complex SHELXL-2014 [21].  
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Table 1 

Crystal data and details of data collection for (LidH)2[Ni(NCS)4(H2O)2]. 

Parameter Value 

Empirical formula C32H50N8NiO4S4 

Fw 797.75 

T, K 

Space group 

a, Å 

b, Å 

c, Å 

β, 
o 

V, Å
3 

Z 

ρcalc, g
.
cm

–3 
  

µ, mm
–1

 

 Crystal size, mm 

2Θ range, 
o
 

Reflections collected 

Independent reflections 

Data/restrains/parameters 

R1 
a
 

wR2
 b 

GOF
ac

 

 ||max, e Å
-3

 

100(2) 

P21/c (No. 14) 

18.3509(5) 

7.6532(2) 

14.9585(4) 

109.964(2) 

1974.57(9) 

2 

1.342 

0.748 

0.39x0.31x0.27 

5.9 to 65.3 

41880 

6860 (Rint= 0.0338) 

5884/0/244 

0.0314 

0.0755 

1.000 

0.48(6) 
a
 R1= Σ||F0| – |Fc||/Σ|F0|,

 

b
 wR2= {Σ[w(Fo

2
-Fc

2
)

2
/Σ[w(Fo

2
)
2
]}

½
, 

c
 GOF= {Σ[w(Fo

2
-Fc

2
)

2
]/(n – p)}

½
, where n is the number of reflections and p is the total number of 

parameters refined. 

 

 

CCDC 1859310 contains the supplementary 

crystallographic data for this contribution, and can 

be obtained free of  

charge via https://www.ccdc.cam.ac.uk/conts/ 

retrieving.html (or from the Cambridge 

Crystallographic Data Centre, 12 Union Road, 

Cambridge CB2 1EZ, U.K; fax: (+44) 1223-336-

033; or deposit@ccdc.cam.ac.uk).  

 

Results and discussion 

The reaction between nickel chloride, 

lidocaine, and potassium thiocyanate in methanol 

solution leads to the formation of a new complex; 

it crystallizes in a form of pale green prisms, has a 

melting point at 188°C, and is slightly soluble in 

water and readily soluble in ethanol and acetone. 

The results of elemental analysis [19] indicate the 

presence of two protonated lidocaine moieties, 

four thiocyanate groups, and two water molecules 

per nickel atom in the composition of the prepared 

complex, which differs from the composition of 

the known nickel(IV) thiocyanate complex having 

two unprotonated lidocaine molecules in its 

structure. 

The IR spectrum of the lidocaine complex 

showed the same bands as for the lidocaine free 

base and its salts, including sharp absorption 

peaks at 3270 cm
–1

 (3250, 3172 and 3235 cm
–1 

for 

lidocaine free base, hydrochloride monohydrate 

and thiocyanide, respectively) due to amide N–H 

stretch, at 1690 cm
–1

 (1667, 1673 and 1660 cm
–1

) 

due to amide C=O stretch, and at 1506 cm
–1

 due 

to aromatic C=C bending vibrations. The benzene 

ring in lidocaine molecule also gives the  

peak at about the 3030 cm
–1

 due to aromatic  

C–H stretch vibrations, other weak but resolved 

peaks are observed at 1590 cm
–1

 (1476, 1592 and 

1546 cm
–1

) and 1272 cm
–1

 (1292, 1272 and  

1280 cm
–1

) due to amide band II and III 

vibrations, as well as a peak in the fingerprint 

region at 780 cm
–1

 (765, 774 and 770 cm
–1

) due  

to deformations of the 1,2,3-trisubstituted 

aromatic ring. 

As in the long-standing work on the IR 

spectra of lidocaine salts [22] and other 

publications [2,3,14,17] no attempt was made to 

disentangle and assign the generally poorly 

resolved C–H stretching bands near 3000 cm
–1

 

arising from the N-ethyl substituents  

(asym(CH2) near 2930±10 cm
–1

, asym(CH3) near  

2960±10 cm
–1

, and sym(CH3) near 2870±10cm
–1

) 

and the methyl substituents of the phenyl  

ring usually giving prominent bands near  

2925 and 2865 cm
–1

 as well as variable intensity 
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bands near 2975 and 2945 cm
–1

. Perhaps the band 

at 2800 cm
–1

 in the spectrum of lidocaine free 

base can be assigned to sym(CH2) for the 

methylene group at the nitrogen atom with a 

stretching frequency usually lowered from its 

value in hydrocarbons near 2850 cm
–1

, but this 

effect is completely eliminated when nitrogen 

acquires a positive charge in amine salts. 

The IR spectra of lidocaine salts and 

complexes show absorption peaks due to NH
+
 

stretching vibrations. In the IR spectrum of 

lidocaine hydrochloride monohydrate, all eight 

peaks and shoulders at 2640–2460 cm
–1

 are 

observed, but for complexes these peaks have 

higher frequencies, as is the case with salts of 

strong acids [22]. In addition, in complexes, NH
+
 

stretching peaks overlap with C–H stretching 

bands.  

The IR spectrum of Lid
.
HCl

.
H2O also 

shows two narrow peaks near 3460 and  

3390 cm
–1 

due to O–H stretching vibrations in 

hydrogen-bonded water molecules, these peaks 

are also visible in the spectrum of lidocaine 

complex. It is believed that IR is a tool that allows 

identification of the formation of hydrogen  

bond interactions, by the shift of the bands  

of the functional groups involved in the  

formation of hydrogen bonds. However, this tool 

does not always lead to correct results. For 

example, according to the IR study of Neville, 

G.A. and Regnier, Z.R. [22], the lidocaine 

hydrohexafluoroarsenate is essentially free of 

hydrogen bonding, but the X-ray analysis [9] is in 

conflict with this conclusion. 

The IR spectrum of the lidocaine 

thiocyanate, LidH
.
NCS, shows a very strong peak 

at 2068 cm
–1

 corresponding to the first 

fundamental frequency [23] of the thiocyanate  

C–N stretching, and weak peaks of the second 

(396 cm
–1

) and third (770 cm
–1

) fundamental 

frequencies. According to the data of Bertini, I. 

and Sabatini, A. [24], the IR spectra of substituted 

thiocyanate complexes showed the C–N 

stretching of characteristic forms and values: 

>2100 cm
–1 

and a sharp peak for S-bonded 

thiocyanates, and ≤2100 cm
–1

 and broad peaks for 

N-bonded ones. The second and third fundamental 

frequencies are also sensitive to the type of 

bonding: 450-490 and 760-880 cm
–1 

for N-bonded 

thiocyanates, 400-440 and ≈700 cm
–1

 for  

S-bonded thiocyanates. The IR spectrum of  

LidH NCS presents peaks at 2068, 496 and  

790 cm
–1

 corresponding to N-bonding. However, 

for the obtained Ni(II) lidocaine thiocyanate 

complex, consideration of these IR bands does not 

allow us to unambiguously determine the type of 

bonding. So, in the spectrum of the complex the 

first fundamental frequency is observed at  

2124 cm
–1

, which indicates S-bonding, but the 

peak is rather narrow (<4 cm
–1

 at half height), as 

well as the second and third fundamental 

frequencies are registered at 480 and 810 cm
–1

, 

respectively, and this indicates N-bonding.  

According to the X-ray crystallography,  

the investigated compound has a molecular  

crystal structure of bis(lidocaine) 

diaquatetrathiocyanatonickelate(II), in which 

coordination of the Ni
2+

 ion with four thiocyanate 

(rhodanide) anions and two water molecules 

generates the slightly distorted octahedral anion 

[Ni(NCS)4(H2O)2]
2–

 with N-bonded thiocyanates, 

while two protonated cations LidH
+
 remain in an 

outer coordination field (Figure 2).  

The Ni(II) in the [Ni(NCS)4(H2O)2]
2–

 
 
anion 

is in an octahedral NiN4O2 coordination geometry, 

being ligated by four nitrogen atoms from the 

monodentate thiocyanate groups and two  

trans-related aqua ligands. Oxygen atoms from 

water molecules are spaced from the central atom 

by the same distance of 2.0987(9) Å.  
 

 

 
Figure 2. Cation and anion in the crystal structure of the (LidH)2[Ni(NCS)4(H2O)2], showing the atom 

numbering scheme. Displacement ellipsoids are drawn at 50% of the probability level.  
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In the same anions of bis(4,4’-

bipyridinium) diaquatetraisothiocyanato 

nickellate(II) dinitrate [25] and mixed ligand 

cationic–anionic nickel(II) complex containing 

1,4-diazepane [26], this distance is somewhat 

smaller and amounts to 2.071(4) Å, but  

in the nickel thiocyanate complex described  

in a previous study this distance is larger and is 

2.169(5) Å [18]. Nitrogen atoms in the NiN4O2 

octahedron are located at different distances from 

the central nickel atom as shown in Figure 3, and 

the angles between the N–Ni–N bonds slightly 

deviate from 90° with a minimum of 87.89(4)
o
 for 

angle N1
i
–Ni–N2 and a maximum value of 

92.11(4)° for angles N1–Ni–N2 and N1
i
–Ni–N2

i 

(Symmetry code: (i) −x+1, −y+1, −z+1).  

The Ni–N distances depend on the nature of  

the complex, in the cationic-anionic diazepane 

complex [26] they are the smallest, 1.905(4) and 

1.918(3) Å, in the dipyridinium complex [25]  

they are comparable with our results,  

2.055(3) and 2.107(4) Å, and in the thiocyanate 

complex [18] they are slightly larger, 2.13(2)  

and 2.18(3) Å. 

 

 
 

Figure 3. Length (Å) of Ni–O and Ni–N bonds in 

the Ni[(NCS)4(H2O)2]
2–

 ion. 
 

 

The aromatic ring in LidH
+
 is asymmetric, 

but the deviations of the C–C bond lengths  

(from 1.3887(16) to 1.4016(15) Å) and  

angles (from 117.79(10) to 122.37(10)°) from the 

standard ones are insignificant, the torsion  

angles are small (from -1.47(16) to 1.04(16)°), 

and the aromatic ring can conditionally be 

considered flat. 

The С11–N111, N111–C112, C112–O112, 

and C112–C113 bond lengths are 1.4366(14), 

1.3412(14), 1.2253(13), and 1.5281 Å, 

respectively, which is typical of crystalline 

carboxamides [27]. The amide group of Lid
+
 is 

twisted out from the plane of the aromatic ring by 

66.74(14)° (torsion angle C16–C11–N111–C112). 

The torsion angle C11–N111–C112–O112 is 

3.93(18)°, so that the aromatic ring and the 

oxygen atom adopt a synperiplanar (cis) 

conformation with respect to the N111–C112 

bond, while the aromatic ring and diethylamino 

chain adopt the antiperiplanar (trans) 

conformation (torsion angle C11–N111–C112–

C113 is −174.10(10)°). 

The nitrogen atoms N111 and N114 adopt 

an antiperiplanar conformation with respect to 

the N111–C112–C113–N114 torsion angle  

of −152.36(10)°. Such staggered conformation 

excludes the formation of an intramolecular 

hydrogen bond N111–H111···N114 noted in the 

lidocaine free base [6] and in the molecular 

complex of lidocaine with phloroglucinol, when 

the nitrogen atoms adopt a synperiplanar 

conformation [28]. On the contrary, the carbonyl 

oxygen atom and the nitrogen atom of the amino 

group adopt the synperiplanar conformation 

(torsion angle O112–C112–C113–N114 is 

29.46(14)°), which leads to the formation of a 

strong intramolecular hydrogen bond  

N114–H114···O112 in LidH
+
. In addition  

to the Coulomb attraction force, the anion 

[Ni(NCS)4(H2O)2]
2–

 and cations LidH
+
 are 

associated by the N–H···S hydrogen bond 

between the amide nitrogen atoms N111 and 

sulphur atoms of the thiocyanate groups.  

Hydrogen bonding also determines the 

nature of supramolecular structure through the 

interaction between neighbouring unit cells. In the 

water molecule, hydrogen atoms H01A and H01B 

are included in hydrogen bonding between the 

oxygen atom O01W and the sulphur atoms S2
ii
 

and S2
iii
 of the neighbouring unit cells. The 

diethylamino-N-group is protonated, and 

corresponding hydrogen atom H114 forms a 

bifurcated hydrogen bond with the carbonyl 

oxygen atom O112 (intramolecular hydrogen 

bond described above) and the sulphur atom S1
iv

 

of the neighboring unit cell. Interatomic distances 

and valence angles for the intramolecular  

N–H···O and the intermolecular N–H···S,  

N–H···S, and O–H···S hydrogen bonds are given 

in Table 2.  

The general picture of intermolecular 

hydrogen bonding in (LidH)2[Ni(NCS)4(H2O)2] is 

shown in Figure 4, representing the unit cell and 

part of the crystal packing along the b 

crystallographic axis. Due to the O–H···S 

hydrogen bonds, anions [Ni(NCS)4(H2O)2]
2–

  form 

endless chains lying along the c axis, the LidH
+
 

ions are stacked with the anions by the N–H···S 

hydrogen bonds, the anions alternate with  

cations and together they form sheets lying in  

the ac plane.  
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Table 2 

Hydrogen bonds geometry. 

D–H···A D–H (Å) H···A (Å) D···A (Å) D–H···A (º) 

N114–H114···O112 0.894 (16) 2.152 (16) 2.6824 (12) 117.3 (12) 

N111–H111···S1 0.846 (19) 2.682 (19) 3.4942 (10) 161.4 (16) 

O01W–H01A···S2
ii
 0.85 (2) 2.45 (2) 3.2914 (10) 170.0 (18) 

O01W–H01B···S2
iii

 0.85 (2) 2.51 (2) 3.3110 (10) 158.5 (19) 

N114–H114···S1
iv
 0.894 (16) 2.499 (15) 3.2800 (10) 146.2 (13) 

Symmetry codes: 
ii
 −x+1, y+1/2, −z+1/2; 

iii 
x, y+1, z; 

iv
 x, y−1, z. 

 

 
Figure 4. Unit cell of (LidH)2[Ni(NCS)4(H2O)2] and partial crystal packing viewed along [010]. 

 

 

Conclusions 
This work reports the synthesis  

and structure re-refinement of  

bis(lidocaine) diaquatetrathiocyanatonickelate(II). 

The synthesis of bis(lidocaine) 

diaquatetrathiocyanatonickelate(II) was carried 

out in water-methanol solution (pH=5-6) with 

1:2:4 molar ratio of the nickel chloride, lidocaine, 

and potassium thiocyanate, resulting in pale green 

prismatic crystals.  

The FTIR spectrum contains all the bands 

of corresponding functional groups, but the 

fundamental frequencies and the shape of  

the thiocyanate C–N stretching vibrations do  

not make it possible to unequivocally determine 

the nature of the bonding of thiocyanate to the 

nickel atom.  

The single-crystal X-ray diffraction 

characterization shows that the complex 

crystallizes in the monoclinic space group  

P21/c with a= 18.3509(5), b= 7.6532(2),  

c= 14.9585(4) Å, β= 109.964 (2)°, Z= 2, and 

consists of the Ni[(NCS)4(H2O)2]
2–

 slightly 

distorted octahedral anion with N-bonded 

thiocyanate groups and two protonated cations of 

lidocaine LidH
+ 

in an outer coordination field. 

Along with the Coulomb interaction, the anion 

and cations are associated by the N–H···S 

hydrogen bonds, while the N–H···S  and O–H···S 

hydrogen bonds provide links with neighbouring 

unit cells, so the [Ni(NCS)4(H2O)2]
2–

 anions 

alternate with the LidH
+
 cations and form endless 

sheets lying in the ac plane.  
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Abstract. Several studies for the synthesis of bicyclo[3.3.1]nonane analogues have been reported, 

however, there is little information on the preparation of bicyclo[3.3.1]nonane-steroid derivatives. In 

this way, the aim of this study was to synthesize two steroid-bicyclo[3.3.1]nonane analogues (11 or 12) 

from either estradiol or estrone using some reactions such as etherification, addition, nucleophilic 

substitution and cyclization. The chemical structure was evaluated through NMR spectroscopic 

analysis. The results showed higher yield for 11 compared with 12. It is noteworthy, that the reagents 

used in this investigation are not expensive and do not require special conditions for handling.  
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Introduction 

For several years, some derivatives of 

bicyclo[3.3.1]nonane have been prepared using 

different protocols; for example, the synthesis of a 

bicyclo[3.3.1]nonane derivative (garsubellin-A) 

from a silyl-enol ether and malonyl dichloride 

was reported [1]. Other report showed the 

preparation of some bicyclo[3.3.1]nonan-9-one 

analogues via cyclization of alkenyl-substituted  

β-di-carbonyls using selenium as catalyst [2].  

In addition, a study showed the reaction of  

N-(l,4-cycloheptadienyl)morpholine with crotonyl 

chloride to form the 7-methylbicyclo[4.3.1]dec-3-

ene-9,10-dione [3]. Furthermore, another  

study showed the synthesis of clusianone 

(bicyclo[3.3.1]nonane-2,4,9-trione derivative) 

through lithiation of some enol  

ether derivatives [4]. The compound 

tetramethoxycarbonylbicyclo[3.3.1]nonane was, 

also, prepared from dimethyl malonate, 

paraformaldehyde and piperidine [5]. Other data 

indicated the synthesis of a byciclo[3.3.1]nonan-

3-one derivative by the reaction of 

cyclohexanediacetic acid with acetic anhydride 

[6]. The 3,3-dimethyl-2-bicyclo[3.3.l]nonanone 

was prepared from 2-bi-cyclo[3.3.1]nonanone and  

t-butoxide [7]. In addition, some 

bicyclo[3.3.1]nonane derivatives have been 

prepared via cyclization of cyclohexanol in the 

presence of p-toluensulphonic acid [8]. Other 

previous studies presented the synthesis of a  

byciclo[3.3.1]-nona-9-one via cyclization of  

5-chlorocarbonylcyclooctene using aluminium 

trichloride as catalyst [9]. Recently,  

a bicyclo[3.2.2]nonane-steroid derivative 

(phomopsterone-A) from isocyathisterol has been 

prepared via some Wagner-Meervein 

rearrangement/epoxidation reactions [10]. Also, a 

spiro[bicyclo[3.2.2]-nonane-2,1'-cyclohexane]-

steroid derivative (spiroaspertrione-A) was 

developed from farnesyl pyrophosphate and  

5,7-dihydroxy-4,6-dimethyl-3H-isobenzofuran-1-

one [11]. All these data show different  

protocols for the preparation of several 

bicyclo[3.3.1]nonane derivatives, however, there 

are few data regarding the synthesis of  

bicyclo[3.2.2]nonane derivatives bound to  

steroid nucleus.  
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The aim of this research was to develop two 

bicyclo[3.2.1]nonano-steroid derivatives using a 

series of reaction such as etherification, aromatic 

nucleophilic substitution, [2+2] addition, 

acylation and an internal cyclization which do not 

require special conditions. 
 

Experimental 

Generalities 

All reagents such as ninhydrin (1),  

1-fluoro-2,4-dinitrobenzene (2) used in this 

investigation were acquired from Sigma-Aldrich 

Co., Ltd. The melting point values of the obtained 

compounds were determined on an Electrothermal 

apparatus (900 model). Infrared spectra (IR) were 

recorded using KBr pellets on a Perkin Elmer 

Lambda 40 spectrometer. 
1
H and 

13
C NMR 

spectra were recorded on a Varian VXR300/5 FT 

NMR spectrometer at 300 MHz in CDCl3 using 

TMS as internal standard. Electron ionization 

mass spectrometry (EI-MS) was obtained with a 

Finnigan Trace Gas Chromatography Polaris  

Q-Spectrometer. Elemental analysis data were 

acquired from a Perkin Elmer II CHNS/02400 

elemental analyzer. 

Synthesis of 8-fluoro-1',3'-dihydro-2,4-

dioxaspiro[bicyclo[3.3.1]nonane-3,2'-indene]-

1(9),5,7-triene (3) 

A solution containing of 1 (100 mg,  

0.56 mmol), 2 (100 µL, 0.79 mmol), potassium 

carbonate (60 mg, 0.43 mmol) in 5 mL of 

dimethyl sulphoxide were stirred under reflux 

(120°C) for 24 h, then, the solvent was removed 

under reduced pressure, the reaction progress was 

monitored by thin layer chromatography. Further, 

the product was purified by crystallization using 

the methanol:water:hexane (3:1:1) system; 

yielding 66% of product; m.p. 48-50°C; IR  

(νmax, cm
-1

) 1136 and 1112. 
1
H NMR δH:  

5.84-7.34 (m, 3H), 8.04-8.20 (m, 4H) ppm.  
13

C NMR δC: 78.00, 98.40, 108.80, 114.81, 

126.00, 135.26, 138.20, 142.92, 146.60, 149.64, 

184.62, 186.54 ppm. EI-MS m/z: 270.03. Calc. 

for C15H7FO4: C, 66.67; H, 2.61; F, 7.03. Found: 

C, 66.64; H, 2.60. 

Synthesis of N-(2,4-dinitrophenyl)-N-(3-

ethynylphenyl)amine (4) 
A solution of 2 (100 µL, 0.79 mmol),  

3-ethynylaniline (100 µL, 0.88 mmol), and 

acetonitrile (5 mL) were stirred under reflux for 

24 h; then, the solvent was removed under 

reduced pressure. Afterwards, the product was 

purified by crystallization using the 

methanol:water (3:1) system; yielding 75% of 

product; m.p. 42-44°C; IR (νmax, cm
-1

) 3322, 2110 

and 1622. 
1
H NMR δH: 2.88 (s, 1H), 7.12-7.30 (m, 

4H), 7.88-9.00 (m, 3H), 9.70 (broad, 1H) ppm. 

13
C NMR δC: 78.20, 84.02, 106.52, 118.20, 

120.72, 123.36, 124.24, 124.34, 125.50, 128.04, 

131.57, 134.74, 136.22, 141.52 ppm. EI-MS m/z: 

283.05. Calc. for C14H9N3O4: C, 59.37; H, 3.20; 

N, 14.84. Found: C, 59.34; H, 3.20; N, 14.82. 

Synthesis of 8-[(3-ethynylphenyl)-amino]-2,4-

dioxaspiro[bicyclo[3.3.1]nonane-3,2'-indene]-

1(9),5,7-triene-1',3'-dione (6) 

Method A: A solution of compound 3  

(200 mg, 0.82 mmol), 3-ethynylaniline (100 µL,  

0.88 mmol) and acetonitrile (5 mL) were stirred 

under reflux for 24 h; then, the solvent was 

removed under reduced pressure. Following, the 

product was purified by crystallization using the 

methanol:water (3:1) system, yielding 48% of 

product; m.p. 58-60°C; IR (νmax, cm
-1

) 3320, 

2110, and 1136. 
1
H NMR δH: 2.88 (s, 1H), 5.90 

(m, 1H), 6.90 (broad, 1H), 6.96-7.25 (m, 6H), 

8.04-8.20 (m, 4H) ppm. 
13

C NMR δC: 74.58, 

78.21, 84.00, 96.30, 108.64, 113.74, 118.00, 

123.18, 123.20, 125.50, 125.96, 126.00, 130.52, 

132.48, 134.76, 136.00, 138.21, 146.30, 184.62, 

186.54 ppm. EI-MS m/z: 367.08. Calc. for 

C23H13NO4: C, 75.20; H, 3.57; N, 3.81. Found:  

C, 81.38; H, 3.56; N, 3.80. 

Method B: A solution of compound 4  

(160 mg, 0.56 mmol), compound 1 (100 mg,  

0.56 mmol), potassium carbonate (60 mg,  

0.43 mmol) and 5 mL of dimethyl sulphoxide 

were stirred at room temperature for 48 h; then, 

the solvent was removed under reduced pressure. 

The obtained product was purified by 

crystallization using the methanol:water:hexane 

(3:1:1) system, yielding 58% of product; similar 
1
H NMR and 

13
C NMR data were obtained and 

compared with the method A product. 

Synthesis of 8-[(3-{7,16-dihydroxy-17-

methylpentacyclo[10.7.0.0
2,9

.0
3,6

.0
13,17

]nonadeca-

2(9),4,7-trien-4-yl}phenyl)-amino]-2,4-

dioxaspiro[bicyclo[3.3.1]nonane-3,2'-indene]-

1(9),5,7-triene-1',3'-dione (7) 

A solution of compound 6 (200 mg,  

0.59 mmol), 17β-estradiol (160 mg, 0.58 mmol), 

cupric chloride anhydrous (55 mg, 0.41 mmol)  

in 5 mL of methanol were stirred at room 

temperature for 48 h; then, the solvent was 

removed under reduced pressure. Following, the 

product was purified by crystallization using the 

methanol:water (3:1) system, yielding 45% of 

product; m.p. 78-80
o
C; IR (νmax, cm

-1
) 3400,  

3320, and 1134. 
1
H NMR δH: 0.80 (s, 3H),  

1.32-2.18 (m, 15H), 3.18-5.10 (m, 4H), 5.92  

(m, 1H), 6.34 (d, 1H, J= 0.80 Hz), 6.96 (m, 1H), 

6.97 (m, 1H), 7.08-7.40 (m, 4H), 8.06 (m, 2H), 

8.08 (broad, 3H), 8.20 (m, 2H) ppm. 
13

C NMR δC: 

15.80, 22.22, 23.84, 28.14, 30.44, 32.78, 36.30, 
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36.82, 39.54, 42.10, 44.32, 45.26, 50.73,  

74.61, 82.46, 96.30, 99.76, 108.62, 108.98,  

111.84, 113.80, 120.34, 121.54, 126.00, 128.97, 

132.69, 133.66, 136.06, 137.10, 137.90, 138.20, 

140.32, 142.04, 146.34, 148.90, 155.16, 184.62,  

186.54 ppm. EI-MS m/z: 639.26. Calc. for 

C41H37NO6: C, 76.98; H, 5.83; N, 2.19. Found: C, 

76.96; H, 5.80; N, 2.18. 

Synthesis of 8-({3-[(17S)-7-hydroxy-17-methyl-

16-oxopentacyclo[10.7.0.0
2,9

.0
3,6

.0
13,17

]nonadeca-

2(9),4,7-trien-4-yl]phenyl}-amino)-2,4-

dioxaspiro[bicyclo[3.3.1]nonane-3,2'-indene]-

1(9),5,7-triene-1',3'-dione (8) 

A solution of compound 6 (200 mg,  

0.58 mmol), estrone (160 mg, 0.59 mmol), cupric 

chloride anhydrous (55 mg, 0.41 mmol) in 5 mL 

of methanol were stirred at room temperature for 

48 h; then, the solvent was removed under 

reduced pressure. The product was purified by 

crystallization using the methanol:water (3:1) 

system, yielding 48% of product; m.p.  

110-112°C; IR (νmax, cm
-1

) 3400, 3322, 1706, and 

1336. 
1
H NMR δH: 0.90 (s, 3H), 1.40-2.00  

(m, 10H), 2.12-5.10 (m, 8H), 5.92 (m, 1H), 6.36 

(d, 1H, J= 0.80 Hz), 6.96-7.40 (m, 6H), 8.06-8.20 

(m, 4H), 8.90 (broad, 2H) ppm. 
13

C NMR δC: 

13.82, 21.52, 22.22, 26.00, 28.72, 30.42, 35.70, 

36.82, 39.50, 42.14, 47.32, 48.12, 51.90, 74.60, 

96.30, 99.76, 108.66, 108.98, 111.84, 113.80, 

120.30, 124.26, 126.00, 128.94, 132.70, 133.66, 

136.06, 136.14, 137.10, 137.90, 138.20, 142.04, 

146.34, 148.90, 155.20, 184.62, 186.54,  

220.14 ppm. EI-MS m/z: 637.24. Calc. for 

C41H35NO6: C, 77.22; H, 5.53; N, 2.20. Found:  

C, 77.20; H, 5.50; N, 2.18. 

Synthesis of (17S)-16-[(2-chloroacetyl)oxy]-4-(3-

{1',3'-dioxo-2,4-dioxaspiro[bicyclo[3.3.1] 

nonane-3,2'-indene]-1(9),5,7-trien-8-ylamino} 

phenyl)-17-methylpentacyclo 

[10.7.0.0
2,9

.0
3,6

.0
13,17

]nonadeca-2(9),4,7-trien-7-yl 

2-chloro-acetate (9) 

A solution of compound 7 (200 mg,  

0.32 mmol), chloroacetyl chloride (70 µL,  

0.87 mmol), triethylamine (70 µL, 0.50 mmol) in 

5 mL of dimethyl sulphoxide were stirred at room 

temperature for 24 h; then, the solvent was 

removed under reduced pressure. The product was 

purified by crystallization using the 

methanol:water:hexane (3:1:1) system; yielding 

48% of product; m.p. 132-134°C; IR (νmax, cm
-1

) 

3320, 1722, and 1332. 
1
H NMR δH: 0.80 (s, 3H), 

1.30-400 (m, 17H), 4.10-4.26 (m, 4H), 4.80-5.84 

(m, 2H), 5.92 (m, 1H), 6.28 (broad, 1H), 6.34  

(d, 1H, J= 0.80 Hz), 6.96-7.40 (m, 6H), 8.06-8.20 

(m, 4H) ppm. 
13

C NMR δC: 14.40, 22.22, 24.27, 

28.00, 30.00, 30.44, 36.20, 36.80, 37.56, 40.80, 

41.00, 42.12, 44.02, 45.28, 50.90, 74.60, 84.62, 

96.30, 108.62, 109.74, 111.82, 113.82, 115.62, 

121.06, 125.66, 126.00, 128.96, 130.90, 132.70, 

136.02, 137.12, 138.04, 138.20, 142.04, 146.34, 

146.84, 148.40, 150.66, 163.79, 168.00, 184.62, 

186.54 ppm. EI-MS m/z: 791.20. Calc. for 

C45H39Cl2NO8: C, 68.18; H, 4.96; Cl, 8.94;  

N, 1.77. Found: C, 68.15; H, 4.94; N, 1.76. 

Synthesis of (17S)-4-(3-{1',3'-dioxo-2,4-

dioxaspiro[bicyclo[3.3.1]nonane-3,2'-indene]-

1(9),5,7-trien-8-ylamino}phenyl)-17-methyl-16-

oxopentacyclo[10.7.0.0
2,9

.0
3,6

.0
13,17

]nonadeca-

2(9),4,7-trien-7-yl 2-chloroacetate (10) 

A solution of compound 8 (200 mg,  

0.32 mmol), chloroacetyl chloride (50 µL,  

0.62 mmol), triethylamine (70 µL, 0.50 mmol) in 

5 mL of dimethyl sulphoxide was stirred at room 

temperature for 24 h; then, the solvent was 

removed under reduced pressure. The obtained 

product was purified by crystallization using the 

methanol:water:hexane (3:1:1) system; yielding 

48% of product; m.p. 158-160°C; IR (νmax, cm
-1

) 

3320, 1722, 1706 and 1330. 
1
H NMR δH: 0.90  

(s, 3H), 1.40-2.46 (m, 15H), 3.70-4.00 (m, 2H),  

4.24-4.26 (m, 2H), 5.82 (m, 1H), 5.92 (m, 1H), 

6.30 (broad, 1H), 6.33 (d, 1H, J= 5.32 Hz),  

6.96-7.40 (m, 6H), 8.06-8.20 (m, 4H) ppm.  
13

C NMR δC: 13.82, 21.52, 22.22, 26.00, 28.72, 

30.42, 35.70, 36.78, 37.52, 41.00, 42.12, 47.34, 

48.12, 51.90, 74.62, 96.28, 108.64, 109.74, 

111.84, 113.80, 115.66, 121.10, 126.00, 128.34, 

128.94, 130.96, 132.69, 136.02, 137.12, 138.04, 

138.20, 142.06, 142.64, 146.30, 148.42, 150.64, 

163.74, 184.62, 186.54, 220.20 ppm. EI-MS m/z: 

713.21. Calc. for C43H36ClNO7: C, 72.31;  

H, 5.08; Cl, 4.96; N, 1.96. Found: C, 72.30;  

H, 5.04; N, 1.94.  

Synthesis of (5S)-21-(3-{1',3'-dihydro-2,4-

dioxaspiro[bicyclo[3.3.1]nonane-3,2'-indene]-

1(9),5,7-trien-8-ylamino}-phenyl)-5-methyl-16-

oxo-17-oxahexacyclo[11.9.0.0
2,10

.0
5,9

.0
14,18

.0
19,22

] 

docosa-1(13),20-dien-6-yl-2-chloroacetate (11) 

A solution of compound 9 (200 mg,  

0.26 mmol), sodium hydroxide (25 mg,  

0.62 mmol) in dimethyl sulphoxide (5 mL) was 

stirred under reflux for 48 h; then, the solvent was 

removed under reduced pressure. The obtained 

product was purified by crystallization using the 

methanol:water:hexane (3:1:1) system; yielding 

66% of product; m.p. 120-122°C; IR (Vmax, cm
-1

) 

3322, 1722, and 1332. 
1
H NMR δH: 0.80 (s, 3H), 

1.32-2.02 (m, 12H), 2.20-2.24 (m, 3H), 2.26  

(m, 1H), 2.50 (m, 1H), 2.94-3.10 (m, 2H), 3.76 

(m, 1H), 4.10 (m, 2H), 4.57-4.82 (m, 2H), 5.92 

(m, 1H), 6.28 (d, 1H, J= 5.32 Hz), 6.30 (broad, 

1H), 6.98-7.36 (m, 6H), 8.06-8.20 (m, 4H) ppm.  
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13
C NMR δC: 14.40, 24.26, 25.68, 26.04, 28.66, 

30.00, 33.60, 35.64, 36.22, 40.00, 40.82, 40.90, 

42.20, 43.38, 44.00, 50.90, 74.62, 84.62, 86.22, 

96.24, 108.60, 108.76, 111.82, 113.82, 120.12, 

126.00, 128.96, 129.76, 132.67, 132.80, 135.06, 

136.02, 13710, 137.12, 138.20, 142.02, 146.34, 

151.14, 168.00, 175.70, 184.62, 186.54, ppm.  

EI-MS m/z: 757.24. Calc. for C45H40ClNO8:  

C, 71.28; H, 5.32; Cl, 4.68; N, 1.85. Found:  

C, 71.25; H, 5.32; N, 1.84.  

Synthesis of (5S)-21-(3-{1',3'-dihydro-2,4-

dioxaspiro[bicyclo[3.3.1]nonane-3,2'-indene]-

1(9),5,7-trien-8-ylamino}-phenyl)-5-methyl-17-

oxahexacyclo[11.9.0.0
2,10

.0
5,9

.0
14,18

.0
19,22

]docosa-

1(13),20-diene-6,16-dione (12) 

A solution of compound 10 (200 mg,  

0.29 mmol), sodium hydroxide (25 mg,  

0.62 mmol) in dimethyl sulphoxide (5 mL) was 

stirred under reflux for 48 h; then, the solvent was 

removed under reduced pressure. Following, the 

product was purified by crystallization using the 

methanol:water:hexane (3:1:1) system; yielding 

45% of product; m.p. 208-210°C; IR (Vmax, cm
-1

) 

3320, 1720, 1706 and 1330. 
1
H NMR δH: 0.90  

(s, 3H), 1.40-2.22 (m, 13H), 2.24 (m, 1H),  

2.28-2.50 (m, 3H), 2.94-3.10 (m, 2H), 3.76-4.56 

(m, 2H), 5.92 (m, 1H), 6.28 (d, 1H, J= 0.80 Hz), 

6.30 (broad, 1H), 6.96-7.36 (m, 6H), 8.06-8.20 

(m, 4H) ppm. 
13

C NMR δC: 13.82, 21.52, 25.70, 

26.76, 28.67, 33.02, 33.60, 35.64, 35.70, 40.92, 

42.16, 42.86, 43.36, 47.32, 51.92, 74.62, 86.22, 

96.24, 108.60, 108.79, 111.82, 113.82, 120.12, 

126.00, 128.94, 129.79, 132.66, 132.83, 135.04, 

136.02, 137.06, 137.12, 138.20, 142.02, 146.32, 

151.16, 175.70, 184.62, 186.54, 220.20 ppm.  

EI-MS m/z: 679.25. Calc. for C43H37NO7:  

C, 75.98; H, 5.49; N, 2.06. Found: C, 75.94;  

H, 5.46; N, 2.04.  

 

Results and discussion 

Synthesis and characterization 

Several bicyclo-derivatives have been 

developed using different methods which involve 

some reagents that could be dangerous and 

require specific conditions [1-11]. In this study, 

two steroid-bicyclo[3.3.1]nonane derivatives were 

prepared using alternative chemical strategies: 

etherification and nucleophilic substitution.  

Etherification 
It is important to mention that ether 

derivatives have been prepared through the 

displacement of nitro groups using several 

reagents such as hexamethylphosphoramide [12], 

[
18

F]fluoride [13], nitro-cyclohexanone [14], 

sodium phenoxide [15], dimethyl sulphoxide 

(DMSO) [16,17], and others. In this investigation, 

an ether derivative 3 was prepared from ninhydrin 

and 1-fluoro-2,4-dinitrobenzene using mild 

reaction conditions (Scheme 1 and 2). 

The NMR results showed several signals 

present in the 
1
H spectrum for compound 3 at  

5.84-7.32 ppm for phenyl group bound to both 

ether groups; at 8.04-8.20 ppm for the indan 

fragment. The 
13

C spectrum displayed chemical 

shifts at 78.00, 126.00-138.20 ppm for the indan 

fragment; at 98.40-114.81 and 142.92-149.64 

ppm for phenyl bound to both ether groups; at 

184.62-186.54 ppm for ketone groups. 

Additionally, the mass spectrum signal (m/z) from 

compound 3 was found at 270.02. 

Nucleophilic substitution 

There are several reports which show 

different aromatic nucleophilic substitution 

reactions; however, some of these reactions 

require special conditions thus greatly limiting the 

possibility of their application [18-22]. It is 

important to mention that a study indicates that 

there is no nucleophilic substitution of a  

4-nitrofluorobenzene in liquid ammonia and only 

4-nitroaniline is formed [23]. Based on that,  

the compound N-(3-ethynylphenyl)- 

2,4-dinitroaniline (4) was prepared in this  

study from 1-fluoro-2,4-dinitrobenzene and  

3-ethynylaniline in the presence of acetonitrile in 

mild conditions (Scheme 3); here it is noteworthy 

that the formation of compound 5 (N,N'-bis-(3-

ethynyl-phenyl)-4,6-dinitro-benzene-1,3-diamine) 

was not observed.  
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Reagents and conditions: i. K2CO3, DMSO, reflux, 24 h, 66%.  

Scheme 1. Synthesis of 8-fluoro-1',3'-dihydro-2,4-dioxaspiro[bicyclo[3.3.1]nonane-3,2'-indene]- 

-1(9),5,7-triene (3).  
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Scheme 2. Reaction mechanism involved in the synthesis of compound 3. 

 

 

 
 

Reagents and conditions: ii. 3-ethynylaniline, acetonitrile, reflux, 24 h, 75%. 

Scheme 3. Synthesis of N-(3-ethynylphenyl)-2,4-dinitroaniline (4).  

 

 

The signals observed in the 
1
H NMR 

spectrum for compound 4 displayed at 2.88 ppm 

for alkyne group, at 7.14-9.00 ppm for phenyl 

groups, and at 9.70 ppm for amino groups.  

In addition, the 
13

C NMR spectrum showed bands 

at 78.20-84.02 ppm for alkyne group and at  

106.52-141.52 ppm for phenyl groups. 

Additionally, the compound 4 was found at 

283.05 in the mass spectrum. 

Synthesis of N-(3-ethynylphenyl)-1',3'-dihydro-

2,4-dio-xaspiro[bicyclo[3.3.1]nonane-3,2'-

indene]-1(9),5,7-trien-8-amine (6) 

Compound 6 was prepared using two 

methods: method A - via reaction of 3 with  

3-ethynylaniline in the presence of acetonitrile in 

mild conditions (Scheme 4); method B - from 

compound 4 and ninhydrin. It is noteworthy, that 

there was a higher yield with method B in 

comparison to method A; this difference was 

attributed to the reaction conditions in each 

method. Several signals in the 
1
H NMR spectrum 

for compound 6 were shown at 2.88 for alkyne 

group; 5.90 and 6.96-7.26 ppm for phenyl groups; 

at 6.90 ppm for amino group; at 8.04-8.20 ppm 

for indan fragment. Moreover, signals were 

registered in the 
13

C NMR spectrum for 

compound 6 at 74.58, 126.00-130.52 and  

136.00-138.21 ppm for the indan fragment;  

at 78.21-84.00 ppm for the alkyne group. Finally, 

the mass spectrum signal (m/z) from compound 6 

was found at 376.05. 

[2+2] addition reaction 

Several cyclobutene have been prepared 

using reagents such as organolithium derivative 

[24], rhodium [25], palladium [26], nickel [27], 

cobalt complexes [28], copper(I) [29]. In this 

study, a cyclobutene derivative (compound 7) was 

prepared via [2+2] addition of an alkyne 

derivative (compound 6) to estradiol or estrone 

using copper(II) as catalyst (Scheme 5). Signals in 

the 
1
H NMR spectrum for compound 7 were 

found at 0.80 for methyl linked to steroid nucleus; 

at 6.34 ppm for cyclobutene fragment; at  

8.08 ppm for both hydroxyl and amino groups. 
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Other signals from the 
13

C NMR spectrum were 

found at 15.80 ppm for methyl group; at 74.61, 

126.00, 136.08 and 138.20 ppm for the indan 

fragment; at 133.66 and 148.90 ppm for 

cyclobutene ring; at 184.62 and 186.54 ppm  

for ketone groups. In addition, the mass spectrum 

signal (m/z) from compound 7 was found  

at 639.26. 

Signals in the 
1
H NMR spectrum for 

compound 8 were found at 0.90 ppm for methyl 

linked to steroid nucleus; at 8.06-8.20 ppm for the 

indan fragment; at 6.36 ppm for the cyclobutene 

fragment; at 8.90 ppm for both amino and 

hydroxyl groups. Other signals, from the  
13

C NMR spectrum were found at 13.82 ppm for 

the methyl group; at 74.60, 126.00, 136.06 and 

138.20 ppm for the indan fragment; at 133.66 and 

148.90 ppm for the cyclobutene fragment; at 

184.62-220.14 ppm for ketone groups. In 

addition, the mass spectrum (m/z) from 

compound 8 was found at 637.24.  

Acylation of compounds 9 or 10 

Some reports have shown the acylation of 

alcohol groups using several reagents such as 

cobalt(II) chloride [30], bismuth(III) 

trifluoromethanesulphonate [31], di-stannoxane 

[32], scandium trifluoro-methane sulphonate [33], 

tantalum(V) chloride [34] and others. However, 

some of the reagents require special conditions. 

Analysing these data, in this investigation the 

compounds 7 or 8 were acylated with chloroacetyl 

chloride in the presence of triethylamine to form 

the compounds 9 or 10 (Scheme 6). It is 

noteworthy, that the 
1
H NMR spectrum for 

compound 9 showed signals at 0.80 ppm for the 

methyl group linked to the steroid nucleus, at 

8.06-8.20 ppm for the indan fragment,  

at 6.34 ppm for the cyclobutene fragment, at  

6.28 ppm for the amino group linked to phenyl 

and at 4.10-4.26 ppm for methylene bound to both 

ester group and chloride atom. 

 

 
 

Reagents and conditions: Method A. 3-ethynylaniline, acetonitrile, reflux, 24 h, 48%;  

Method B. ninhydrin, K2CO3, DMSO, rt, 48 h, 58%.  

Scheme 4. Synthesis of N-(3-ethynylphenyl)-1',3'-dihydro-2,4-dioxaspiro[bicyclo[3.3.1]- 

nonane-3,2'-indene]-1(9),5,7-trien-8-amine (6).  
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Reagents and conditions: iii. 17β-estradiol, cupric chloride, MeOH, rt, 48 h, 45%;  

iv. estrone, cupric chloride, MeOH, rt, 48 h, 48%. 

Scheme 5. Synthesis of two bicyclo[3.3.1]nonane-steroid derivatives (7 or 8).  
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Reagents and conditions: v. chloroacetyl chloride, Et3N, DMSO, rt, 24, 48%;  

Scheme 6. Synthesis of two bicyclo[3.3.1]nonane-steroid chloroacetate derivatives (9 or 10).  

 

 
 

In addition, several signals were found in 

the 
13

C NMR spectrum, at 14.40 ppm for the 

methyl group; at 74.60, 126.00, 136.02 and 

138.20 ppm for the indan fragment; at 130.90  

and 150.66 ppm for the cyclobutene fragment;  

at 163.79-168.00 for both ester groups;  

at 184.62 and 186.54 ppm for both ketone  

groups. The mass spectrum signal (m/z) from 

compound 9 was found at 791.20. 

The 
1
H NMR spectrum for compound 10 

showed several signals at 0.90 ppm for the methyl 

group linked to steroid nucleus; at 8.06-8.20 ppm 

for the indan fragment; at 6.33 ppm for the 

cyclobutene ring; at 6.30 for amino group linked 

to the phenyl group. The 
13

C NMR spectrum for 

the compound 10 showed signals at 13.82 ppm for 

the methyl group; at 74.62, 126.00, 136.02 and 

138.20 ppm for the indan fragment; at 130.96  

and 150.64 ppm for the cyclobutene ring; at  

184.62-220.20 ppm for ketone groups. In 

addition, the mass spectrum (m/z) from 

compound 10 was found at 713.21.  

Internal cyclization reaction 

There are studies which show the 

cyclization of halide derivatives with internal 

double bound using reagents such as Pd(PPh3)4 

[35], Pd(OAc)2 [36], Bi(OTf)3 [37], CoCl2 [38], 

copper(I) [39] and others. Based on these data, in 

this study, a dihydro-furan-2-one ring was 

involved in the chemical structure of 11 or 12 

formed via internal reaction of chloride with 

double bond in basic medium (Schemes 7 and 8).  

It is noteworthy that the 
1
H NMR spectrum 

for compound 11 (Figure 1) showed several 

signals at 0.80 ppm for methyl linked to steroid 

nucleus; at 2.26 and 2.94-3.10 for the dihydro-

furan-2-one ring; at 8.06-8.20 ppm for the indane 

fragment; 6.28 ppm for the cyclobutene ring;  

at 6.30 for the amino group; at 4.10 ppm for 

methylene bound to ester group; at 6.28 ppm  

for cyclobutene ring. Moreover, other signals of 

the 
13

C NMR spectrum for compound 11  

were found at 14.40 for the methyl group; at 

76.62, 126.00, 136.02 and 138.20 ppm for the 

indan fragment; at 40.82 ppm for methylene 

bound to ester group; at 33.60 and 86.22 ppm  

for the dihydro-furan-2-one ring; at 132.80  

and 151.14 ppm for the cyclobutene  

ring; at 168.00 ppm for the ester group; at  

175.70-186.54 ppm for ketone groups. 

Additionally, the mass spectrum signal (m/z) from 

compound 11 was found at 757.24. 

On the other hand, the 
1
H NMR spectrum 

for compound 12 (Figure 2) displayed signals at 

0.90 for methyl linked to steroid nucleus; at 2.26 

and 2.94-3.10 ppm for the dihydro-furan-2-one 

ring; 8.06-8.20 ppm for indan; at 6.28 ppm for the 

cyclobutene ring; at 6.30 ppm for the amino 

group. It should be mentioned that several  

signals, in the 
13

C NMR spectrum, were found at 

13.82 for the methyl group; at 33.60 and  

42.16 ppm for the dihydro-furan-2-one ring; at 

74.62, 126.00, 136.02 and 138.20 ppm for the 

indan fragment; at 132.83 and 151.16 ppm  

for the cyclobutene ring; at 175.70-220.20 ppm 

for ketone groups. In addition, the mass  

spectrum (m/z) from compound 12 was found  

at 679.25 
 
 

81 



L. Figueroa et al. / Chem. J. Mold., 2020, 15(1), 75-85 

 

 

 
 

Reagents and conditions: vi. NaOH, DMSO, reflux, 48 h, 66%; vii. NaOH, DMSO, reflux, 48 h, 45%. 

Scheme 7. Synthesis of two bicyclo[3.3.1]docosa-steroids derivatives (11 or 12). 

 

 

 
Figure 1. The 

1
H NMR spectrum of compound 11. 
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Scheme 8. Reaction mechanism involved in the synthesis of bicyclo[3.3.1]docosa-steroid derivatives. 
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Figure 2. The 
1
H NMR spectrum of compound 12.  

 

 

Conclusions 
In this study, the synthesis of two 

bicyclo[3.2.1]nonane-steroid derivatives was 

achieved from either estradiol or estrone  

using a series of reactions which involve 

etherification, nucleophilic aromatic substitution,  

[2+2] addition, acylation and an internal 

cyclization. It is noteworthy that the used reagents 

are easy to handle and do not require specific 

conditions. The presence of functional groups 

involved in their chemical structure was 

confirmed using both 
1
H and 

13
C NMR.  

The yield of compound 11 ((5S)-21-(3-

{1',3'-dihydro-2,4-dioxaspiro[bicyclo[3.3.1] 

nonane-3,2'-indene]-1(9),5,7-trien-8-ylamino}-

phenyl)-5-methyl-16-oxo-17-

oxahexacyclo[11.9.0.0
2,10

.0
5,9

. 0
14,18

.0
19,22

]docosa-

1(13),20-dien-6-yl-2-chloroacetate) was higher 

compared to 12 ((5S)-21-(3-{1',3'-dihydro-2,4-

dioxaspiro[bicyclo[3.3.1]nonane-3,2'-indene]-

1(9),5,7-trien-8-ylamino}-phenyl)-5-methyl-17-

oxahexacyclo[11.9.0. 0
2,10

.0
5,9

.0
14,18

.0
19,22

]docosa-

13),20-diene-6,16-dione); this difference could be 

due to higher reactivity of compound 9 compared 

with 10 to form 11 or 12. 
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Abstract. A series of novel isolated β-lactams 3a-c and thiazolidinone derivatives 4a-c were 

successfully synthesized from reactions of new Schiff's bases 2a-c with chloroacetyl chloride and 

thioglycolic acid. The chemical structures of the new compounds were confirmed through different 

spectroscopic techniques including IR, 
1
H and 

13
C NMR, mass spectrometry and elemental analysis. 

The antimicrobial activity of the obtained compounds was assessed in vitro against gram-positive 

Staphylococcus aureus and gram-negative Escherichia coli bacteria and Aspergillus flavus and Candida 

albicans fungi. All compounds exhibited good to excellent antimicrobial activity against the tested 

strains. Furthermore, a molecular docking study was carried out for the synthesized compounds and the 

results indicated that compounds 3b and 4b display comparable binding affinity scores as that of 

glutamate. These two compounds are promising candidates as antibacterial and antifungal agents that 

would deserve further investigations. 
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Introduction 

The β-lactam skeleton has attracted much 

attention from medicinal chemists for the past 60 

years due to its numerous biological activities and 

the mechanism of action of its derivatives has 

been broadly reviewed [1-3]. As a class of organic 

molecules, β-lactams constitute more than 65% of 

the world antibiotics market in both human and 

veterinary medicine [4,5]. Since the discovery of 

penicillin, efforts have been devoted to synthesize 

various β-lactam derivatives bearing important 

biological activities [6]. Besides their antibacterial 

activity, β-lactam derivatives have shown 

antitumor [7,8], antiviral [9], antihyperglycemic 

[10], antitubercular [11], antileishmanial and 

other potent biological activities [12]. However, 

the evolution of antibiotic-resistant bacteria 

represents the main obstacle to broad the clinical 

application of β-lactams despite the exhaustive 

medicinal chemistry campaigns aiming to vary  

β-lactam antibiotics. Consequently, the need for 

new derivatives with efficient biological activities 

has increased.  

During the past years, substituted 

quinoxaline derivatives have gained attention and 

have been progressively explored as a result of 

their broad spectrum of pharmacological 

properties [13-15]. Therefore, a wide variety of 

synthetic routes for the design of functionalized 

quinoxalines has been intensively studied. 

Quinoxaline derivatives display versatile 

biological activities such as antiviral [16,17], 

antimicrobial [18,19], anti-inflammatory [20], 

antitumor [21] anti-tuberculosis [22], etc.  

Diverse recent approaches were carried out to the 

existing drugs to minimize the microbial 

resistance. These, for the most part, necessitate 

structural modification of actual antimicrobial 

agents to improve the microbial intracellular 

concentration of the drug, and thereby to boost the 

antimicrobial activity. The throughout literature 

surveys indicate that some substituents, 
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particularly chlorine atoms, of structure of the 

bioactive organic compounds regarded as 

potential drug, have a promising effect on their 

specific biological activity. Several previous 

studies have pointed out that β-lactam derivatives 

possessing chlorine atoms were endued with 

significant biological activities [23-26]. The 

search for novel synthetic pathways for the design 

of heterocycles based on the β-lactam skeleton 

with improved biological derivatives is being 

actively pursued in our laboratory [27,28].  

The aim of this study was to synthesize 

novel β-lactams 3a-c and thiazolidinone 

derivatives 4a-c and to evaluate in vitro their 

antibacterial and antifungal activity against 

several strains. Molecular docking studies were 

carried out to estimate the binding affinities of 

most active synthesized compounds on a 

molecular level. 
 

Experimental 

Generalities 

Unless otherwise mentioned, reagents were 

purchased from Sigma Aldrich (Bayouni Trading 

Co. Ltd., Al-Khobar, Saudi Arabia) with high 

grade of purity and used without further 

purification. Reaction progress was monitored 

using thin-layer chromatography on silica gel  

pre-coated F254Merck plates (Darmstadt, 

Germany) and spots were visualized by ultraviolet 

irradiation. Melting point values of the 

synthesized compounds were determined using a 

Gallenkamp electro thermal melting point 

apparatus. IR spectra were measured as  

KBr pellets on a Pye-Unicam sp 1000 

spectrophotometer. 
1
H NMR spectra were 

recorded in [
2
H6] dimethyl sulphoxide (DMSO) 

solution at 200 MHz on a Varian Gemini NMR 

spectrometer using tetramethylsilan as internal 

reference. 
13

C NMR spectra were measured on a 

Varian MercuryVXR-300 NMR spectrometer 

(Palo Alto, CA) at 400 and 125 MHz using 

DMSO-d6 as solvents. Mass spectra were 

obtained on a Shimadzu GCMS-QP 1000EX mass 

spectrometer at 70 eV. Elemental analysis was 

carried out on CE 440 Elemental Analyzer-

Automatic Injector (Exeter Analytical, Inc., USA) 

at the Micro analytical Center of Cairo University. 

General procedure for the synthesis of 

compounds (2a-c) 

Compound 1 was prepared according to the 

reported method [15]. Briefly, compound 1  

(0.01 mol) was treated with different aromatic 

aldehydes in equivalent amount in ethanol 30 mL 

and the reaction mixture was refluxed for 4 h. 

Then, the formed solid product was filtered and 

recrystallized from ethanol to afford the 

corresponding compounds 2a-c. 

Ethyl 3-(benzylideneamino)-1,4-

dihydroquinoxaline-2-carboxylate 2a, orange 

crystals in 79% yield, m.p. 120-122°C. IR (KBr, 

cm
-1

): 1565 (CH=N), 1730 (CO ester),  

3100-3400 (NH). 
1
H NMR: δ 1.21 (t, 3H,  

J= 7.52 Hz, CH2CH3), 4.15 (q, 2H, J= 7.51 Hz, 

CH2CH3), 7.10–8.01 (m, 9H, Ar-H), 8.3 (s, 1H, 

CH=N), 12.35 (s, 1H, N-Hquinox), 12.62 (s, 1H,  

N-H). 
13

C NMR: δ 14.21 (CH3), 61.53 (CH2), 

87.15, 119.44, 119.83, 120.35, 131.42, 137.65 

(C=C), 164.24, 165.43 (CH=N) and (CO ester). 

MS (m/z, %): 307.0 (M
+
, 55). Calc. for 

C18H17N3O2 (307.35): C, 70.34; H, 5.58;  

N, 13.67%. Found: C, 70.22; H, 5.43; N, 13.23%. 

Ethyl 3-((4-chlorobenzylidene) amino)-1,4-

dihydroquinoxaline-2-carboxylate 2b, yellow 

white crystals in 84% yield; m.p. 110-112°C.  

IR (KBr, cm
-1

): 1568 (CH=N), 1735 (CO ester), 

3100-3400 (NH). 
1
H NMR: δ 1.25 (t, 3H,  

J= 7.53 Hz, CH2CH3), 4.18 (q, 2H, J= 7.53 Hz, 

CH2CH3), 7.10-8.01 (m, 8H, Ar-H), 8.5 (s, 1H, 

CH=N), 12.37 (s, 1H, N-Hquinox), 12.65 (s, 1H,  

N-H). 
13

C NMR: δ 14.25 (CH3), 61.57 (CH2), 

87.17, 119.44, 119.86, 120.33, 131.41, 137.64 

(C=C), 164.23, 165.45 (CH=N) and (CO ester).  

MS (m/z, %): 341.0 (M
+
, 45). Calc. for 

C18H16ClN3O2 (341.79): C, 63.25; H, 4.72;  

Cl, 10.37; N, 12.29%. Found: C, 63.17; H, 4.55; 

Cl, 10.40; N, 12.18%. 

Ethyl 3-((4-methoxybenzylidene) amino)-1,4-

dihydroquinoxaline-2-carboxylate 2c, red crystals 

in 65% yield; m.p. 135-137°C. IR (KBr, cm
-1

): 

1563 (CH=N), 1730 (CO ester), 3100-3400 (NH). 
1
H NMR: δ 1.21 (t, 3H, J= 7.52 Hz, CH2CH3),  

3.56 (s, 3H, OCH3), 4.15 (q, 2H, J= 7.52 Hz, 

CH2CH3), 7.10-8.01 (m, 8H, Ar-H), 8.3 (s, 1H, 

CH=N), 12.35 (s, 1H, N-Hquinox), 12.63 (s, 1H,  

N-H). 
13

C NMR: δ 14.14 (CH3), 61.16 (CH2), 

87.15, 119.42, 119.85, 120.37, 131.44, 137.66 

(C=C), 164.19, 165.28 (CH=N) and (CO ester). 

MS (m/z, %): 337.37 (M
+
, 38). Calc. for 

C19H19N3O3 (337.37): C, 67.64; H, 5.68;  

N, 12.46%. Found: C, 67.64; H, 5.68; N, 12.46%. 

General procedure for the synthesis of ethyl 3-

(3-chloro-2-oxo-4-phenylsubstituted azetidin-1-

yl)-1,4-dihydroquinoxaline-2-carboxylate (3a-c) 

To a solution of compounds 2a-c  

(0.01 mol) in 1,4-dioxane (15 mL), chloroacetyl 

chloride (1.99 mL, 0.025 mol) was added drop-

wise at 5-100°C in the presence of trimethylamine 

(3.49 mL, 0.025 mol). The mixture was stirred for 

8 h, and then poured into an ice water. The 

obtained solid was separated by filtration and 

recrystallized from ethanol. 
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Ethyl 3-(3-chloro-2-oxo-4-phenylazetidin-1-yl)-1, 

4-dihydroquinoxaline-2-carboxylate 3a, reddish 

brown crystals in 67% yield; m.p. 150-152°C.  

IR (KBr, cm
-1

): 1685 (cyclic CO), 1730 (CO 

ester), 3100-3400 (NH). 
1
H NMR: δ 1.21 (t, 3H, 

J= 7.52 Hz, CH2CH3), 4.15 (q, 2H, J= 7.52 Hz, 

CH2CH3), 7.10–8.01 (m, 9H, Ar-H), 5.2 (d, 1H, 

J= 5.59 Hz, CH-N), 5.47 (d, 1H, J= 5.78 Hz, 

CHCl), 12.35 (s, 1H, N-Hquinox) and 12.62 (s, 1H, 

N-H). 
13

C NMR: δ 14.26 (CH3), 60.73 (CH-N),  

61.5 (CH2), 64.25 (CH-Cl), 87.14, 119.41, 119.86, 

120.37, 131.45, 137.62 (C=C), 161.1(CO cyclic), 

165.4 (CO ester). MS (m/z, %): 383.0 (M
+
, 30).  

Calc. for C20H18ClN3O3 (383.83): C, 62.58;  

H, 4.73; Cl, 9.24; N, 10.95%. Found: C, 62.53;  

H, 4.65; Cl, 9.17; N, 10.79%. 

Ethyl 3-(3-chloro-2-(4-chlorophenyl)-4-

oxoazetidin-1-yl)-1,4-dihydroquinoxaline-2-

carboxylate 3b, green white crystals in 70% yield; 

m.p. 180-182°C. IR (KBr, cm
-1

): 1690 (cyclic 

CO), 1732 (CO ester), 3100-3400 (NH).  
1
H NMR: δ 1.21 (t, 3H, J= 7.53 Hz, CH2CH3), 

4.15 (q, 2H, J= 7.53 Hz, CH2CH3), 7.10–8.01  

(m, 8H, Ar-H), 5.2 (d, 1H, J= 5.61 Hz, CH-N), 

5.47 (d, 1H, J= 5.83 Hz, CHCl), 12.35 (s, 1H,  

N-Hquinox), 12.62 (s, 1H, N-H). 
13

C NMR: δ 14.24 

(CH3), 60.71 (CH-N), 61.55 (CH2), 64.23  

(CH-Cl), 87.16, 119.43, 119.84, 120.32, 131.45, 

137.63 (C=C), 161.15 (cyclic CO), 165.46  

(CO ester). MS (m/z, %): 418.0 (M
+
, 42). Calc. 

for C20H17Cl2N3O3 (418.27): C, 57.43; H, 4.10; 

Cl, 16.95; N, 10.05%. Found: C, 57.35; H, 4.02; 

Cl, 16.84; N, 10.01%. 

Ethyl 3-(3-chloro-2-(4-methoxyphenyl)-4-

oxoazetidin-1-yl)-1,4-dihydroquinoxaline-2-

carboxylate 3c, violet crystals in 60% yield;  

m.p. 160-162°C. IR (KBr, cm
-1

): 1685 (cyclic 

CO), 1732 (CO ester), 3100-3400 (NH). 
1
H NMR: 

δ 1.21 (t, 3H, J= 7.52 Hz, CH2CH3), 3.56 (s, 3H, 

OCH3), 4.15 (q, 2H, J= 7.52 Hz, CH2CH3),  

7.10-8.01 (m, 8H, Ar-H), 5.2 (d, 1H, J= 5.59 Hz, 

CH-N), 5.47 (d, 1H, J= 5.78 Hz, CHCl), 12.35  

(s, 1H, N-Hquinox), 12.62 (s, 1H, N-H). 
13

C NMR:  

δ 14.25 (CH3), 60.77 (CH-N), 61.54 (CH2), 64.28 

(CH-Cl), 87.16, 119.44, 119.86, 120.39, 131.44, 

137.6 (C=C), 161.14 (CO cyclic), 165.47 (CO 

ester). MS (m/z, %): 413.0 (M
+
, 25). Calc. for 

C21H20ClN3O4 (413.85): C, 60.95; H, 4.87;  

Cl, 8.57; N, 10.15%. Found: C, 60.90; H, 4.72; 

Cl, 8.53; N, 10.12%. 

General procedure for the synthesis of ethyl  

3-(4-oxo-3-phenyl substituted 1,2,3-

thiadiazolidin-2-yl)-1,4-dihydroquinoxaline-2-

carboxylate (4a-c) 

Thioglycolic acid (0.02 mol) was added to 

compounds 2a-c (0.01 mol) and zinc chloride. 

The reaction mixture was heated and refluxed for 

12 h. The solid product was collected and 

recrystallized from diethyl ether to give 

compounds 4a-c.   

Ethyl 3-(4-oxo-2-phenylthiazolidin-3-yl)-1,4-

dihydroquinoxaline-2-carboxylate 4a, brown 

crystals in 62% yield; m.p. 215-217°C. IR (KBr, 

cm
-1

): 1730 (CO ester), 1760 (CO thiazolidinone), 

3100-3400 (NH). 
1
H NMR: δ 1.21 (t, 3H,  

J= 7.52 Hz, CH2CH3), 3.96 (s, 2H, CH2), 4.15  

(q, 2H, J= 7.52 Hz, CH2CH3), 4.93 (s, 1H, CH), 

7.10–8.01 (m, 9H, Ar-H), 8.3 (s, 1H, CH=N), 

12.35 (s, 1H, N-Hquinox), 12.62 (s, 1H, N-H).  
13

C NMR: δ 14.23 (CH3), 61.57 (CH2), 87.15,  

119.48, 119.86, 120.37, 131.45, 137.68 (C=C), 

165.45 (CO ester); MS (m/z, %): 381.0 (M
+
, 55).  

Calc. for C20H19N3O3S (381.45): C, 62.97;  

H, 5.02; N, 11.02; S, 8.41%. Found: C, 62.92;  

H, 5.00; N, 10.99; S, 8.33%. 

Ethyl 3-(2-(4-chlorophenyl)-4-oxothiazolidin-3-

yl)-1,4-dihydroquinoxaline-2-carboxylate 4b, 

brown crystals in 62% yield; m.p. 215-217°C.  

IR (KBr, cm
-1

): 1730 (CO ester), 1766 (CO 

thiazolidinone), 3100-3400 (NH). 
1
H NMR:  

δ 1.21 (t, 3H, J= 7.53 Hz, CH2CH3), 4.1 (s, 2H, 

CH2), 4.15 (q, 2H, J= 7.53 Hz, CH2CH3), 4.98  

(s, 1H, CH) 7.10-8.01 (m, 8H, Ar-H), 8.3 (s, 1H, 

CH=N), 12.35 (s, 1H, N-Hquinox), 12.62 (s, 1H,  

N-H). 
13

C NMR: δ 14.22 (CH3), 61.51 (CH2), 

87.15, 119.43, 119.86, 120.37, 131.45, 137.66 

(C=C), 165.46 (CO ester). MS (m/z, %): 415.0 

(M
+
, 16). Calc. for C20H18ClN3O3S (415.89):  

C, 57.76; H, 4.36; Cl, 8.52; N, 10.10;  

S, 7.71%. Found: C, 57.70; H, 4.23; Cl, 8.44;  

N, 10.5; S, 7.63%. 

Ethyl 3-(2-(4-methoxyphenyl)-4-oxothiazolidin-3-

yl)-1,4-dihydroquinoxaline-2-carboxylate 4c, 

deep red crystals in 55% yield; m.p. 230-232°C. 

IR (KBr, cm
-1

): 1730 (CO ester), 1762 (CO 

thiazolidinone), 3100-3400 (NH). 
1
H NMR:  

δ 1.21 (t, 3H, J= 7.52 Hz ,CH2CH3), 3.94 (s, 2H, 

CH2), 4.15 (q, 2H, J= 7.52 Hz, CH2CH3), 4.90  

(s, 1H, CH), 7.10–8.01 (m, 8H, Ar-H), 8.3 (s, 1H, 

CH=N), 12.35 (s, 1H, N-Hquinox), 12.62 (s, 1H,  

N-H). 
13

C NMR: 14.25 (CH3), 61.58 (CH2), 87.14, 

119.46, 119.83, 120.37, 131.45, 137.67 (C=C), 

165.45 (CO ester); MS (m/z, %): 411.0 (M
+
, 27).  

Calc. for C21H21N3O4S (411.47): C, 61.30;  

H, 5.14; N, 10.21; S, 7.79%. Found: C, 61.30;  

H, 5.14; N, 10.21; S, 7.79%. 

Antimicrobial activity 

Antimicrobial activity (antibacterial and 

antifungal) of the tested samples was assessed 

following a modified Kirby–Bauer disk diffusion 

method [29]. Plates impregnated with filamentous 

fungi like Aspergillus flavus at 25°C for 48 h; 
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gram-positive bacteria as Staphylococcus aureus; 

gram-negative bacteria as Escherichia coli, were 

incubated at 35-37°C for 24-48 h and Candida 

albicans and Aspergillus flavus fungi were 

incubated at 30°C for a period varying between  

24 and 48 h. The standard disks of ampicillin  

(an antibacterial agent) and amphotericin B (an 

antifungal agent) served as positive control for 

antimicrobial activity and filter disks impregnated 

with 10 μL of solvent (distilled water, chloroform 

and DMSO) were used as negative controls. All 

experiments were repeated and carried out in 

triplicate in the case of a significant difference in 

the results and the average inhibition diameters 

were measured in mm/mg sample. 

Molecular docking  

In this study, molecular simulation and 

modelling were performed using Molecular 

Operating Environment software (MOE, Version 

2010.08, Canada). Glucosamine-6-phosphate 

synthase enzyme (GlcN-6-P) (PDB: ID 1gdo) was 

downloaded from RCSB Protein Data Bank [30]. 

The novel synthesized compounds 3a-c and 4a-c 

were subjected to molecular docking via their 2D 

and 3D structures. Before docking, adequate steps 

were performed including running conformational 

analysis using systemic search, 2D protonation of 

the structures, selecting the least energetic 

conformer and applying the protocol.  

Results and discussion 

Synthesis and characterization 

The chemical synthesis of the compounds is 

illustrated in Scheme 1. The synthesis of new 

Schiff's bases derived from ethyl 3-amino-1,4-

dihydroquinoxaline-2-carboxylate 1 is the 

fundamental key in the synthesis of the 

conforming isolated β-lactams 3a-c and 

thiazolidinone 4a-c derivatives. Thus, the reaction 

of compound 1 with different aromatic aldehydes 

in ethanol (30 mL) under reflux for about 4 h 

[27,31-33] led to the formation of the 

corresponding Schiff's bases 2a-c in 65-84% 

yield.  

Subsequent cyclocondensation of Schiff's 

bases 2a-c with chloroacetyl chloride in  

1,4-dioxane and trimethylamine [27,31-33] 

afforded the corresponding β-lactam derivatives 

3a-c respectively in 60-70% yield. Similarly, 

cyclization of Schiff's bases with thioglycolic acid 

and 1,4-dioxane solvents [27,31-33] gave the 

corresponding thiazolidinones derivatives 4a-c in 

55-62% yield. The chemical structures of 

products 3a-c and 4a-c were determined based on 
1
H and 

13
C NMR, IR spectroscopy as well as mass 

spectrometry data. 

 

 

 

 

 
Scheme 1. Synthesis of the novel β-lactams (3a-c) and thiazolidinone derivatives (4a-c). 
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The IR spectra of compounds 3a-c revealed 

a N-H stretching band at about 3100-3400 cm
-1

 

and absorption bands at 1685-1690 cm
-1

 and 

1730-1732 cm
-1

 corresponding to cyclic CO and 

CO ester, respectively. On the other hand, the IR 

spectrum of compounds 4a-c exhibited absorption 

bands at 1760-1766 cm
-1

 corresponding to CO 

related to thiazolidinones. The 
1
H NMR spectrum 

of compounds 3a-c displayed a singlet resonate at 

12.35 ppm assignable to N-H quinoxaline; the 

spectrum of compound 3c showed a singlet at 

3.56 ppm corresponding to (3H, for OCH3). 

Moreover, the 
1
H NMR spectrum of compounds 

3a-c exhibited a doublet at 5.2 ppm corresponding 

to -CH-N. 

Antimicrobial activity 

The synthesized compounds (1, 2a-c,  

3a-c and 4a-c) were evaluated for their 

antimicrobial activity against strains of gram-

positive Staphylococcus aureus, gram-negative 

Escherichia coli, Aspergillus flavus and Candida 

albicans fungi. The initial screening results of  

in vitro antibacterial and antifungal activity are 

presented in Table 1. All tested compounds 

showed a comparatively promising activity 

towards gram-negative bacteria than gram-

positive bacteria. Moreover, the highest activity of 

the designed compounds was recorded against the 

Candia albicans fungi. Thus, the obtained results 

show that compound 3b exhibited the highest 

activity against Escherichia coli and 

Staphylococcus aureus bacteria. By comparing 

the β-lactam derivatives 3a-c to their 

corresponding Schiff bases 2a-c, the β-lactam 

derivatives exhibited better activity and higher 

growth inhibition for the tested strains including 

bacteria and fungi.  

Structure-activity relationship studies were 

carried out to better understand the effect of 

benzene substitution operation on antimicrobial 

activity. Considering gram-negative bacteria 

(Escherichia coli) testing results, it is obvious that 

Schiff base 2b and β-lactam derivative 3b with 

electron-withdrawing chlorine atoms showed 

better antibacterial activity than all other tested 

compounds. Schiff base derivative 2a without 

substituent on the benzene ring showed good 

antibacterial activity against Escherichia coli. It is 

worth noting that all thiazolidinones derivatives 

exhibited low activity against Escherichia coli 

compared to the Schiff base parents 2a-c.  

Besides, all compounds displaying an 

electron donating methoxy group on the benzene 

ring showed the lowest activity against gram-

positive and gram-negative bacteria. It can be 

initially concluded that the presence of chlorine 

atom as a substituent on the benzene moiety 

withdraw electrons by induction and give 

electrons by resonance convey higher 

antibacterial and antifungal activity to Schiff‘s 

base 2b, β-lactam 3b and thiazolidinones 

derivatives 4b. Whereas, the presence of the 

methoxy group as a substituent on the benzene 

ring (2c, 3c, and 4c) donates electrons by 

induction and reduces the antimicrobial activity of 

the synthesized compounds against the tested 

bacterial strains.  

Molecular docking study 

The most biologically active derivatives  

3a-c and 4a-c were subjected to molecular 

docking study to predict their binding modes  

on a molecular level. Glucosamine-6-phosphate 

synthase enzyme (GlcN-6-P), a potential target 

for antibacterial and antifungal agents, was  

the enzyme of choice for performing the  

docking study.  

 

Table 1 

Antimicrobial evaluation of the new synthesized compounds
*
. 

Compound no. 
Bacteria  Fungi 

Staphylococcus aureus Escherichia coli  Aspergillus flavus Candida albicans 

Control (DMSO) 0 0  0 0 

Ampicillin 23 28  - - 

Amphotericin B - -  14 20 

1 19 21  8 12 

2a 20 23  9 13 

2b 22 24  10 14 

2c 18 20  8 11 

3a 21 24  13 17 

3b 25 26  15 22 

3c 20 20  12 15 

4a 19 17  11 12 

4b 24 19  13 13 

4c 18 16  11 10 
*
Mean inhibition zone diameter (mm/mg sample) (n=3). 
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The target derivatives were re-docked into 

the binding site of GlcN-6-P enzyme (PDB: ID 

1gdo). To do so, first, glutamate was re-docked 

into GlcN-6-P with a root mean standard 

deviation (RMSD) of 1.25, the ligand showed 

score binding energy (S) of -15.11 kcal/mol and 

hydrogen bonding with Gly99, Trp74, Cys1, 

His86, Arg73, Thr76, Asp123 (Figure 1). The 

data of this study including the energy associated 

with intermolecular interactions (affinity in 

kcal/mol) of the target compounds 3a-c and 4a-c  

and hydrogen bonding interactions are presented 

in Table 2.   

 

 

 

 

 

 
(a) (b) 

 

Figure 1. The 2D predicted binding mode from docking simulation of compound 3b (a) and compound 4b (b) 

into the active site of GlcN-6-P synthase. 

 

 
 

Table 2 

Molecular modeling data for compounds 3a-c and 4a-c in the active site of  

glucosamine-6-phosphate synthase enzyme (PDB: ID 1gdo). 

Compound 
Affinity, 

Kcal/mol 

Number of 

hydrogen bonds 

Distance from main  

residue, Å 

Functional 

group 

3a -16.67 4 Trp74 

Gly99 

Gly99 

Cys1 

 

2.93 

2.12 

2.93 

3.11 

 

NH 

NH 

C=O 

C=O 

 

3b -18.95 4 Trp74 

Gly99 

Gly99 

Cys1 

 

2.95 

2.00 

2.89 

3.16 

 

NH 

NH 

C=O 

C=O 

 

3c -16.00 4 

 

 

 

Thr124 

Arg73 

His86 

Ser176 

2.23 

2.15 

3.19 

2.64 

OCH3 

OCH3 

OCH3 

C=O 

4a -15.50 2 Thr76 

Cys1 

 

2.99 

2.67 

 

NH 

C=O 

 

4b -18.50 2 Thr76 

Trp74 

3.12 

2.98 

NH 

NH 

4c -13.22 1 Cys1 2.79 OCH3 
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Continuation of Table 2 

Compound 
Affinity, 

Kcal/mol 

Number of 

hydrogen bonds 

Distance from main  

residue, Å 

Functional 

group 

Glutamate -15.11 10 Gly99 

Trp74 

Cys1 

His86 

Arg73 

Arg73 

Thr76 

Asp123 

Thr76 

Gly99 

2.02 

2.06 

2.54 

1.77 

2.70 

3.05 

2.70 

3.05 

2.70 

3.07 

C=O 

CO- 

CO- 

CO- 

CO- 

C=O 

C=O 

NH 

NH 

NH 

 

 

Docking results on the compounds 3a-c and 

4a-c revealed moderate to strong binding affinity 

varying from -13.22 to -18.75 kJ/mol compared to 

-15.11 kJ/mol for the reference drug glutamate, 

which exhibited ten hydrogen-bonding 

interactions with the amino acid series Gly99, 

Trp74, Cys1, His86, Arg73, Thr76, Asp123, 

respectively (Table 2). Compound 3a recorded the 

energy docking of -16.67 kcal/mol, and it showed 

four bonding as following: i) Trp74 with NH, ii) 

Gly99 with NH, iii) Gly99 with C=O, iv) Cys1 

with C=O. Besides, compound 3b registered a 

docking energy value of -18.95 kcal/mole and was 

found to perform four hydrogen-bonding 

interactions: i) Trp74 with NH, ii) Gly99 with 

NH, iii) Gly99 with C=O, iv) Cys1 with C=O. 

Moreover, the candidate 3c recorded a docking 

energy value of -16.00 kcal/mol and four 

hydrogen-bonding interactions: i) Thr124 with 

OCH3, ii) Arg73 with OCH3, iii) His86 with 

OCH3, and iv) Ser176 with C=O. In addition, the 

target compound 4a displayed two hydrogen 

bonds with Thr76 and Cys1 via binding with  

NH and C=O groups. On the other hand, the 

candidate 4b showed a high docking energy value 

of -18.50 kcal/mol and two hydrogen-bonding 

interactions with Thr76 and Trp74. Finally, 

compound 4c demonstrated the least docking 

energy score of -13.22 kcal/mol with only  

one hydrogen bonding interaction with Cys1 

amino acid. 

It can be concluded that the most active 

compounds are 3b and 4b since they showed 

comparable binding affinity scores as that of 

glutamate. These results are considered in 

agreement with the experimental results.  

 
Conclusions 

Substituted β-lactams 3a-c and 

thiazolidinone derivatives 4a-c were successfully 

synthesized from the reaction of new Schiff's 

bases 2a-c with chloroacetyl chloride and 

thioglycolic acid. All reactions were prepared 

with satisfactory yields and spectral data (IR, 
1
H and 

13
C NMR) of the obtained compounds  

(3a-c, 4a-c) were in full agreement with the 

proposed structures. 

All newly synthesized compounds were 

evaluated in vitro for their antimicrobial activity 

against gram-positive and gram-negative bacteria 

and fungi. All compounds displayed moderate to 

excellent antimicrobial activity against the tested 

strains. The biological screening proved 

compound 3b to be the most active compound 

against all tested bacteria and fungi. Furthermore, 

compound 4b showed good antibacterial activity 

when tested against Staphylococcus aureus 

bacteria. This behaviour was ascribed to the 

presence of chlorine withdrawing atom as a 

substituent on the benzene moiety.  

It was found that all compounds carrying an 

electrodonating methoxy group as a substituent on 

the benzene ring displayed the least biological 

activity. Furthermore, the results from the 

biological testing were in agreement with the 

molecular docking studies. Therefore, compounds 

3b and 4b represent promising candidates as 

antibacterial and antifungal agents that would 

deserve further investigations. 
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Abstract. The aim of the work was to identify the main components of orchid extracts and to study 

their interaction with silica. Composition of sixteen orchid extracts was investigated by means of high 

performance liquid chromatography and laser desorption/ionization mass spectrometry; as it was shown 

in this study, flavonoids and phenolic acids were the main bioactive compounds available in the 

extracts. The interaction between various phenols and silica silanol groups was studied by quantum 

chemical method. Results show that the strength of interaction of phenols with silica increased in the 

following order: ferullic, feruloylquinic and fertaric acids< kaempferol, apingenin<< сhlorogenic and 

caffeic acids, rhamnetin, quercetin, luteolin, epicatechin gallate. The common feature of compounds 

characterized by the strongest interaction with silanol groups is the presence of a phenol ring with  

two neighbouring hydroxyl groups. The hydrogen bonds formed between these groups and silanol 

groups are much shorter (about 0.17 nm) than those formed by other hydroxyl groups of phenols  

(up to 0.28 nm). 
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Introduction 

The plants are known to be a valuable 

source of low-toxicity biologically active 

substances [1-3]. Among these substances, 

phenolic compounds possessing antioxidant or 

antimicrobial properties appear to be particularly 

attractive for practical application [4,5]. The 

orchid plants are used in traditional medicine of 

many countries and are known to contain high 

amounts of phenolic compounds [6-8]. It was 

reported that the content of phenols in orchids 

reached up to 12 mg of gallic acid equivalent per 

1 g of dry weight, with the composition of the 

extracts being dependent on the climatic and 

external conditions of plants growing [9,10]. The 

majority of orchids were found to contain a 

significant amount of phenols such as 

hydroxybenzoic acids, hydroxycinnamic acids 

and flavonoids in the glycoside form [6].  

Nowadays, half of all medical drugs, 

dietary supplements and herbal medicines are 

produced from natural sources, with phenols 

being the main active components of most of 

these drugs [11,12]. However, direct oral use of 

phenolic compounds has some disadvantages. 

Due to low solubility of phenols in water, as well 

as their poor gastrointestinal stability and 

absorbency, the compounds were shown to have 

low bioeffectiveness [13,14]. To improve the 

efficiency of plant-derived drugs, a number of 

drug delivery systems were developed [14-17], 

with fumed silica being one of the possible 

auxiliary ingredients used as carrier for  

plant extracts and plant-derived bioactive 

molecules [18,19]. Immobilization of biologically 

active substances on the silica surface offers  

the possibility of introducing hydrophobic 

compounds in aqueous solutions and hydrophilic 

substances in lipophilic media [20]. Inclusion of 

bioactive compounds in silica-based composites 

improves the compounds storage stability  

as compared to pure extracts/substances [19].  
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In some cases, the presence of silica can 

decelerate the release of the drug into solution, 

thus providing bioactive substances with 

elongated effect [18,20]. The properties of 

composites consisting of bioactive compounds 

and fumed silica apparently depend on the 

strength of interaction of compounds with silica.  

The aim of this study was to identify the 

main components of the extracts from a number 

of orchid plants and to study their interaction with 

silica surface groups by using the quantum 

chemical method. The data on the interaction of 

various components from the orchids extracts 

with silica surface can be useful for preparation of 

the extracts - silica composites, possessing 

desirable properties. 

 

Experimental 

Materials 

All reagents were obtained from 

commercial sources (Merck, Germany) and used 

without further purification. 

Orchids of Dendrobium and Anoectochilus 

families were grown in M.M. Gryshko National 

Botanic Garden of National Academy of Sciences 

of Ukraine under greenhouse and in vitro 

conditions. In order to grow plants in vitro, 

sterilized seeds were placed in glass flasks 

containing Murashige and Skoog (MS) basal 

medium [21] and exposed to artificial light for  

16 hours per day. The list of plants used for the 

extracts preparation is given in Table 1. 

 
Тable 1 

The list of orchids used for extracts preparation. 

The name of taxon 
Growing 

conditions 

Dendrobium chrysanthum Wall. Ex 

Lindl. 
greenhouse, 

in vitro 

Dendrobium draconis Rchb.f. 
greenhouse, 

in vitro 

Dendrobium henryi Schltr. in vitro 

Dendrobium linguella Rchb.f. 
greenhouse, 

in vitro 

Dendrobium lomatochilum Seidenf. 
greenhouse, 

in vitro 

Dendrobium moniliforme (L.) Sw. 
greenhouse, 

in vitro 

Dendrobium nobile Lindl. 
greenhouse, 

in vitro 
Dendrobium parishii Rchb.f. greenhouse 

Anoectochilus roxburghii (Wall.) Lindl. in vitro 

Anoectochilus formosanus Hayata in vitro 

 
Extracts preparation procedure: 100 mL of 

70% ethanol were added to 1 g of finely chopped 

leaves, after that the mixtures were placed into 

steam bath for 30 min. After cooling, the extracts 

were adjusted to the initial volume and filtered. 

Methods 

High performance liquid chromatography 

(HPLC) was used for the identification  

and quantification of bioactive substances 

available in the extracts. The analysis was 

performed using a modular HPLC system, Agilent 

1100 series (Germany) consisting of quaternary 

pump, autosampler, column thermostat, DAD 

detector. HPLC separations were achieved by 

using a reverse-phase Zorbax Eclipse PLUS C18 

column 2.1×150 mm, 3.5 µm. Column 

temperature was controlled at 20°C.  

Gradient elution was employed with a 

mobile phase consisting of 50 mM H3PO4 

(solution A) and methanol (solution B) as follows: 

isocratic elution 89% A÷11% B with flow rate  

0.2 mL/min, 0÷3 min; linear gradient from  

89% A÷11% B to 34% A÷66% B with flow rate  

0.2 mL/min, 3÷33 min; linear gradient from  

34% A÷66% B to 0% A÷100% B with flow rate  

0.2 mL/min, 33÷53 min; isocratic elution 0% 

A÷100% B with linear gradient of flow rate from 

0.2 to 0.5 mL/min and column heating to 40°C, 

53÷60 min; isocratic elution 0% A÷100% B with 

linear gradient of flow rate from 0.5 to  

1.0 mL/min, 60÷70 min. 

The analytical data were evaluated using 

the HP 3D Chem Station software. Wavelengths 

used for the identification of plant secondary 

metabolites, with the diode-array detector were 

set at 206 nm for hydroxybenzoic acids; 300 nm 

for hydroxycinnamic acids; 350 nm for flavonoids 

and their glycosides. For more reliable 

identification of the extracts components, their 

spectra and retention time were compared with 

those of the standard compounds: 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, fertaric acids, apingenin, myricetin, 

quercetin, quercetin 3-O-glucoside, kaempferol, 

kaempferol 3-O-arabinoside, kaempferol  

3-O-glucoside. To estimate the quantity of 

compounds from various classes, the areas of 

appropriate signals were compared with those of 

reference substances (quercetin-3-arabinoside for 

flavonoids, caffeic acid for hydroxycinnamic 

acids and gallic acid for hydroxybenzoic acids). 

Qualitative analysis of extracts composition 

was also performed by laser desorption/ionization 

time-of-flight mass spectrometry (LDI-MS). Mass 

spectra were recorded in the positive and negative 

ion extraction mode on an Autoflex II mass 
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spectrometer (Bruker Daltonics Inc., Germany) 

equipped with a nitrogen laser (337 nm). The 

samples were ionized in the pulse mode: 3 ns 

pulse length, 20 Hz frequency, 65 mJ maximum 

energy. Spectra were recorded in the reflection 

mode using a delayed extraction of 20 ns and 

accelerating voltage 20 keV.  

Quantum chemical calculations for 

individual components of the extracts and their 

complexes with silica clusters consisting of  

12 SiO4/2 tetrahedrons were carried out using 

density functional theory (DFT) method with 

hybrid functional ωB97X-D [22] (labelled as 

wB97XD in Gaussian 09) with the 6-31G (d,p) 

basis set and the Gaussian 09 program suit [23]. 

Geometry was optimized using the PM6 method. 

The solvation effects were analysed using the 

solvation method SMD [24] implemented in 

Gaussian 09. 

 

Results and discussion 

Chromatographic analysis 

The chromatograms obtained by HPLC for 

several orchids plant extracts are presented in 

Figures 1-3; Table 2 gives the classes of the 

identified compounds. Results show that the most 

abundant phenol compounds in the extracts are 

the representatives of three classes: flavonoids 

and their derivatives; hydroxycinnamic acids and 

their derivatives; simple phenols, tannins, 

hydroxybenzoic acids and their derivatives. 

The flavonoids are represented mainly by 

flavonol O-glycosides, flavones O-glycosides and 

flavones C-glycosides, although other flavonoids 

of non-identified structure are also available in the 

extracts. The total amount of flavonoids, 

hydroxycinnamic and hydroxybenzoic acids in 

various orchids was found to be in the range of 

0.30÷2.30, 0.01÷0.30, 0.01÷0.10 mg per 1 g of 

dried leaves, respectively. In general, the plants 

grown under greenhouse condition are 

characterized by higher total phenol content than 

the plants grown in vitro [25]. Nevertheless, such 

plants as Dendrobium parishii Rchb.f., 

Anoectochilus formosanus Hayata, Anoectochilus 

roxburghii (Wall.) Lindl. were found to have very 

high phenol content (up to 1.60 mg/g) although 

being grown in vitro. 

A more detailed study of the substances 

partitioned during the HPLC procedure and the 

comparison of their retention times and UV-Vis 

spectra with the standard compounds allowed us 

to conclude that the majority of the extracts 

contain feruloylquinic, сhlorogenic, sinapic and 

fertaric acids. All the extracts were found to 

contain a number of flavones and flavonols in  

О- and C-glycoside form, with quercetin, 

kaempferol and apingenin being the most 

abundant aglycons. Several extracts appear to 

include also caffeic acid, epicatechin gallate, 

rhamnetin and/or the derivatives of these 

compounds. Orchids usually contain as well a 

significant amount of various hydroxybenzoic 

acids (i.e. gallic, protocatechuic, syringic, ellagic 

acids) [9,26]; the obtained HPLC data can 

confirm only the presence of hydroxybenzoic 

acids derivatives. 

 
Table 2 

Classes of compounds identified in  

the extracts by HPLC. 

Legend Class of compounds 

Alk Indole alkaloids 

AC Anthocyanins 

AP Anthracene and phenanthrene derivatives 

B Hydroxybenzoic acids and their 

derivatives, simple phenols and tannins 
C Hydroxycinnamic acids and their derivatives  

Co Coumarins 

D Catechins 

F Flavonoids of non-identified structure 

F1 Flavonol O-glycosides 
F2 Flavon O-glycosides 
FC Flavon C-glycosides 
Т Terpenoids 

 

 

 

Figure 1. Chromatograms of the Dendrobium nobile Lindl. extract recorded at: 206 nm (а), 300 nm (b), 350 nm (c).  
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Figure 2. Chromatograms of the Anoectochilus formosanus Hayata extract recorded at:  

206 nm (а), 300 nm (b), 350 nm (c). 

 
 

 

Figure 3. Chromatograms of the Dendrobium chrysanthum Wall. ex Lindl. extract recorded at:  

206 nm (а), 300 nm (b), 350 nm (c). 

 
 

The mass spectroscopy data (Table 3) 

indicate that the extracts do contain 

hydroxybenzoic acids (confirmed by the signals at 

m/z 169 and 171 corresponding to [M-H]
-
 and 

[M+H]
+
 ions of gallic or phloroglucinic acids). 

The data also confirm the presence of 

hydrocinnamic acids or hydrocinnamic acids 

derivatives (the signals at m/z of 165, 225, 327, 

339, 355 and 369 of [M+H]
+
 molecular ions for 

coumaric, sinapic, fertaric, coumaroylquinic, 

chlorogenic and feruloylquinic acids). Several 

spectra showed peaks at m/z of 305 and 441 

corresponding to [M+H]
+ 

ion of moscatilin and 

[M-H]
- 

ion of epicatechin gallate, respectively. 

Spectra also included signals of a number of 

flavones or flavones derivatives (luteolin, 

nobiletin, apigenin and derivatives) and flavonols 

or flavonols derivatives (quercetin, rhamnetin, 

rhamnazin, kaempferol and derivatives).  

Quantum chemical calculations 
Taking into account these HPLC and  

LDI-MS results as well as the literature data on 

the orchids plants extracts composition [6], the 

following representatives of phenols were chosen 

as model compounds for the quantum-chemical 

study (Table 4). 

All the studied compounds were found to 

interact with silica mainly due to the formation of 

hydrogen bonds between hydroxyl groups of the 

phenols and silanol groups of the surface. For 

each of the phenols, it was found that hydroxyl 

groups of the phenol ring formed more 

thermodynamically favourable complexes with 

silanols than others hydroxyl groups of the 

compounds. In the case of flavonoids,  

the hydroxyl groups of side B-ring form stronger 

complexes than hydroxyl groups of conjugated  

A- and C- rings. The optimized configurations  

of the H-bonded adsorption complexes on  

silica surface for various components of the 

extracts are given in Figure S1 (see 

Supplementary Material). The corresponding 

values of the Gibbs free energy of adsorption 

(∆G) and the length of H-bonds (RH-bond) are 

presented in Table 4. 
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Table 3 

Main phenolic compounds identified in the extracts by LDI-MS. 

Class of compounds 
Identified compound and its  

molecular mass, Da 
Ions, m/z 

Hydroxybenzoic acids 

and their derivatives 
Gallic/Phloroglucinic acid, 170 

[M+H]
+
, 171 

[MH]

, 169 

Hydrocinnamic acids 

and their derivatives 

Coumaric acid, 164 [M+H]
+
, 165 

Sinapic acid, 224 [M+H]
+
, 225 

Fertaric acid, 326 [M+H]
+
, 327 

Coumaroylquinic acid, 338 [M+H]
+
, 339 

Chlorogenic acid, 354 
 

[M+H]
+
, 355; 

[MH]

, 353; [M−H−caffeoyl−H2O]


, 173 

Feruloylquinic acid, 368 
[M+H]

+
, 369; 

[M+H-192]
+
, 177 

Flavones and their 

derivatives 

Flavon, 222 [M+H]
+
, 223 

Luteolin, 286 
[M+H]

+
, 287; 

[M+H−H2O−2CO]
+
, 213 

Nobiletin, 402 [M+H]
+
,403 

Apigenin-7-O-glucoside, 432 [MH]

, 431 

Flavonols and their 

derivatives 

Quercetin, 302 
[M+H]

+
, 303; 

[M+H−H2O−3CO]
+
, 201 

Rhamnetin / Isorhamnetin, 316 [MH]

, 315 

Rhamnazin, 330 [M+H]
+
, 331 

8-Methoxyquercetin, 332 [M+Н]
+
, 333 

Kaempferol-3-O-rhamnoside, 432 [MH]

, 431 

Оther phenols 
Moscatilin (dendrophenol), 304 [M+H]

+
, 305 

Epicatechin gallate, 442 [MH]

, 441 

 

 

 

Table 4  

Chemical structure of the phenolic compounds, energetic and structural parameters of  

the most favourable adsorption complexes of the phenols on silica surface. 
Class of compounds Compound Chemical structure -ΔG, kJ/mol

 
RH-bonds, nm 

Hydroxybenzoic acids and 

their derivatives 
Gallic acid 

 

36 0.173, 0.186 

Hydroxycinnamic acids 

and their derivatives 

Сaffeic acid 

 

 

46 0.176, 0.177 

Sinapic acid 

 

23 0.176 

Ferulic acid 

 

6 0.277 

Chlorogenic acid 

 

43 0.176, 0.176 
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Continuation of Table 4 

Class of compounds Compound Chemical structure -ΔG, kJ/mol
 

RH-bonds, nm 

Hydroxycinnamic 

acids and their 

derivatives 

Feruloylquinic 

acid 

 

12 0.283 

Fertaric acid 

 

14 0.283 

Flavones and their 

derivatives 

Apigenin-8-C-

glucoside 

 

21 0.174, 0.261 

Luteolin 

 

46 0.176, 0.177 

Flavonols and their 

derivatives 

Kaempferol-3-O-

rhamnoside 

 

18 0.242, 0.242 

Quercetin 

 

46 0.176, 0.177 

Quercetin-3-O-

glucoside 

 

45 

 
0.176, 0.176 

Rhamnetin 

 

41 0.176, 0.177 

Other phenols 

Epicatechin 

gallate 

 

 

54 0.175, 0.204 
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Results of this study show that various 

phenols significantly differ from each other by 

their interaction with silica. The weakest 

interaction with silica surface is observed for 

ferullic, feruloylquinic and fertaric acids (Gibbs 

free energy ∆G= -6÷14 kJ/mol). These 

compounds form a single bond with surface 

silanols with the bond length of 0.277÷0.283 nm. 

Flavonoids apingenin and kaempferol interact 

with silica through two H-bonds and are 

characterized by the higher ∆G values  

(-18÷21 kJ/mol). Such compounds as caffeic and 

сhlorogenic acids, quercetin, rhamnetin, luteolin, 

epicatechin gallate were found to have the 

strongest interaction with silanol groups, with ∆G 

and RH-bond values being in the range of  

-41÷54 kJ/mol and 0.176÷0.204 nm, respectively. 

The common feature of the structure of these 

compounds is the presence of two neighbouring 

hydroxyl groups in the phenol ring of 

hydroxycinnamic acids or in B-ring of flavonoids. 

Other hydroxyl groups of the phenols were found 

to form longer and weaker H-bonds.  

For various phenols, the charges on O- and 

H-atoms participating in the formation of  

H-bonds with silanol groups did not significantly 

differ from each other. Thus, the steric effects 

seem to be the main factor affecting the 

interaction of various phenols with silica surface.  

As it was mentioned above, flavonoids are 

usually available in plants in the glycoside form. 

The ΔG and RH-bond data for two variants of 

adsorption of kaempferol glycoside on silica 

surface (via aglycon and via glycoside) show that 

the silica-aglycon interaction is more favourable  

(∆G= -18 kJ/mol) than the silica-glycoside 

interaction (∆G= -4 kJ/mol). For adsorption of 

quercetin and quercetin-3-O-glucoside, the 

appropriate ∆G and RH-bond values are close to 

each other, that is, the presence of glycoside do 

not strongly affect the silica-aglycon interaction.  

 

Conclusions  

Composition of sixteen plant extracts from 

orchid leaves was investigated by means of high 

performance liquid chromatography and laser 

desorption / ionization mass spectrometry 

methods. Hydroxycinnamic and hydroxybenzoic 

acids, as well as flavonoids in О- and  

C- glycosides forms were found to be the main 

groups of bioactive compounds of the extracts. 

The most common substances found in the 

extracts included feruloylquinic, сhlorogenic, 

sinapic and fertaric acids and quercetin, 

kaempferol and apingenin in the glycoside  

form, while several extracts also contained  

gallic, coumaric and caffeic acids, luteolin, 

nobiletin, moscatilin, rhamnetin, rhamnazin and 

epicatechin gallate.  

The interactions between the extracts 

components and silica were studied using the 

quantum chemical method. The adsorption of 

phenolic compounds on silica surface was shown 

to occur mainly due to the formation of hydrogen 

bonds between hydroxyl groups of the phenols 

and silanol groups of the surface, with the 

strength of the interaction increasing in the 

following order: ferullic, feruloylquinic and 

fertaric acids (Gibbs free energy  

∆G= -6÷14 kJ/mol) < kaempferol, apingenin 

(∆G= -18÷21 kJ/mol) << сhlorogenic and caffeic 

acids, rhamnetin, quercetin, luteolin, epicatechin 

gallate (∆G= -41÷54 kJ/mol). The presence of two 

neighbouring hydroxyl groups in the phenol ring 

of the molecules was found to be a common 

feature in the structure of the compounds, which 

are characterized by the strongest interaction with 

silica silanol groups. These groups were shown to 

form the shortest hydrogen bonds lengths with 

silanol groups, providing the compounds with a 

strong interaction with silica surface. 
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