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Ïðåäëîæåí âûñîêî÷óâñòâèòåëüíûé ýëåêòðîõèìè÷åñêèé ñåíñîð íà îñíîâå ãðàôèòîâîãî

ýëåêòðîäà, ìîäèôèöèðîâàííîãî óãëåðîäíûìè íàíîòðóáêàìè è ìåçîïîðèñòûì óãëåðîäîì,

äëÿ âîëüòàìïåðîìåòðè÷åñêîãî îïðåäåëåíèÿ áåòóëèíà è ï-íèòðîôåíîëà. Íà âîëüòàìïåðî-

ãðàììå, ïîëó÷åííîé ñ èñïîëüçîâàíèåì íîâîãî ýëåêòðîäà, â äèàïàçîíå ïîòåíöèàëîâ 0,7 –

0,9 Â íàáëþäàåòñÿ àíîäíûé ïèê îêèñëåíèÿ áåòóëèíà, òîãäà êàê íà íåìîäèôèöèðîâàííîì

ãðàôèòîâîì ýëåêòðîäå áåòóëèí ýëåêòðîõèìè÷åñêè íåàêòèâåí. Â ïðèñóòñòâèè âûáðàííîãî

ôîíîâîãî ýëåêòðîëèòà (0,1 Ì NaOH) íà ïðåäëîæåííîì ýëåêòðîäå ìîæíî îïðåäåëÿòü áåòó-

ëèí â äèàïàçîíå êîíöåíòðàöèé 0,44 · 10–2 – 4,42 ìã/äì3 ñ ïîãðåøíîñòüþ, íå ïðåâûøàþùåé

15 %. Ïðàâèëüíîñòü ðåçóëüòàòîâ îïðåäåëåíèÿ áåòóëèíà ñ èñïîëüçîâàíèåì ìîäèôèöèðî-

âàííîãî ýëåêòðîäà ïîäòâåðæäåíà ìåòîäîì «ââåäåíî – íàéäåíî» ïðè àíàëèçå îáðàçöîâ áèî-

ëîãè÷åñêè àêòèâíîé äîáàâêè. Â ñëó÷àå ï-íèòðîôåíîëà èíòåíñèâíîñòü åãî àíàëèòè÷åñêîãî

ñèãíàëà íà ïðåäëîæåííîì ýëåêòðîäå ïî÷òè â äâà ðàçà âûøå, ÷åì äëÿ íåìîäèôèöèðîâàííî-

ãî àíàëîãà. Ïðè âûáðàííîì çíà÷åíèè pH ôîñôàòíîãî áóôåðíîãî ðàñòâîðà (5,8) ýòî ïîçâî-

ëÿåò îïðåäåëÿòü ï-íèòðîôåíîë â äèàïàçîíå êîíöåíòðàöèé 0,5 · 10–3 – 8,0 · 10–3 ìã/äì3.
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âîëüòàìïåðîìåòðèÿ; ãðàôèòîâûé ýëåêòðîä; óãëåðîäíûå íàíîòðóáêè; ìåçîïîðèñòûé óëå-
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A highly sensitive electrochemical sensor based on a Surface Active Modifier (SAM) consisting of

Taunit-M carbon nanotubes and mesoporous carbon (NanoTechCenter LLC, Tambov, Russia) is devel-

oped for the voltammetric determination of betulin and p-nitrophenol. The effect of the modifier concen-

tration on the electrode surface on the analytical signal of betulin was studied, and a method for modifying

the surface of the SAM graphite electrode was developed. The developed method is easy to use, fast, stable,

sensitive, and cost-effective procedure, which can be used to detect these analytes in real samples.

Voltammograms of p-nitrophenol were obtained for the first time on the developed modified electrochemi-

cal sensor and the dependence of the height of its analytical signal on the pH of a phosphate buffer thus

obtained was studied in a wide pH range from 4 to 12, a background electrolyte with optimal pH was also

chosen. Proceeding from the calibration dependences of the height of the betulin analytical signal on the

concentration obtained for various background electrolytes with different pH and cation-anion composi-

tion, a background electrolyte with the maximum sensitivity of the analytical signal was selected on a

modified electrochemical sensor. Study of cyclic voltammograms was carried out to understand the elec-

trode processes, exhibiting a pronounced peak of anodic oxidation observed in a potential range from 0.7

to 0.9 V. However, there was no peak in the cathodic direction which indicates the irreversible nature of

the electrode process. When determining the nature of currents, the Semerano criterion equal to 1.6 was

calculated, which indicates the absence of the contribution of the diffusion component of the current. Veri-

fication of the correctness of the voltammetric method for determining betulin on a new electrochemical

sensor was carried out using the “spike-test” method. The data obtained show that the voltammetric de-

termination of betulin can be carried out with a measurement error not exceeding 15%. The proposed
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modified electrodes were compared with previously known electrodes for the determination of pentacyclic

triterpenoids and pesticides at concentrations of 0,5 × 10–3 – 8,0 × 10–3 mg/dm3..

Keywords: electrochemical sensor; betulin; p-nitrophenol; stripping voltammetry; carbon nanotubes;

mesoporous carbon; modifier.

Ââåäåíèå

Ïðèìåíåíèå ìîäèôèöèðîâàííûõ ýëåêòðîäîâ

â àíàëèòè÷åñêîé ïðàêòèêå ïîçâîëÿåò ñóùåñòâåí-

íî ïîâûñèòü ÷óâñòâèòåëüíîñòü îïðåäåëåíèÿ,

óëó÷øèòü åãî ñåëåêòèâíîñòü è ðàñøèðèòü êðóã

îïðåäåëÿåìûõ ñîåäèíåíèé ïî ñðàâíåíèþ ñ íåìî-

äèôèöèðîâàííûìè àíàëîãàìè. Ðàçðàáîòêà è

ïðèìåíåíèå íîâûõ ìàòåðèàëîâ â êà÷åñòâå ìîäè-

ôèêàòîðîâ äëÿ óëó÷øåíèÿ àíàëèòè÷åñêèõ õàðàê-

òåðèñòèê îïðåäåëåíèÿ ÿâëÿþòñÿ àêòóàëüíîé çà-

äà÷åé. Èñïîëüçîâàíèå ìîäèôèêàòîðîâ ïîçâîëÿåò

çàäàâàòü ýëåêòðîïðîâîäíûå è òåïëîïðîâîäíûå

ñâîéñòâà ïîâåðõíîñòè ýëåêòðîäà è ìåíÿòü åå ìîð-

ôîëîãèþ, ÷òî ÿâëÿåòñÿ êëþ÷åâûì ìîìåíòîì ïî-

ëó÷åíèÿ ïðîâîäÿùèõ ïîâåðõíîñòåé ïðè ñîçäàíèè

ýëåêòðîõèìè÷åñêèõ ñåíñîðîâ [1]. Äëÿ ýòîé öåëè

äîñòàòî÷íî ÷àñòî èñïîëüçóþò óãëåðîäíûå ìàòå-

ðèàëû — óãëåðîäíûå âîëîêíà [2], óãëåðîäíûå

íàíîòðóáêè (ÓÍÒ) [3], ãðàôåí, òåõíè÷åñêèé

óãëåðîä. Ìåçîïîðèñòûé óãëåðîä ñ ìîìåíòà åãî îò-

êðûòèÿ â 1999 ã. [4] ïðèâëåêàåò âíèìàíèå èññëå-

äîâàòåëåé èç-çà ÷ðåçâû÷àéíî îäíîðîäíîé ñòðóê-

òóðû è âûñîêîé óäåëüíîé ïëîùàäè ïîâåðõíîñòè,

à òàêæå ïåðåñòðàèâàåìîãî ðàñïðåäåëåíèÿ ïîð ïî

ðàçìåðàì. Áëàãîäàðÿ ñïîñîáíîñòè áûñòðîãî ïåðå-

íîñà ýëåêòðîíîâ è âûñîêîé ýëåêòðîêàòàëèòè÷å-

ñêîé àêòèâíîñòè ìåçîïîðèñòûé óãëåðîä øèðîêî

èñïîëüçóþò â çîíäèðîâàíèè [5 – 7], ñîçäàíèè áèî-

ðåàêòîðîâ [8], õðàíåíèè ýíåðãèè [9] è â êà÷åñòâå

ìîäèôèêàòîðà ýëåêòðîäîâ [10 – 13].

Â íàøåé ðàáîòå óñïåøíî èçãîòîâëåí ìîäèôè-

öèðîâàííûé ìåçîïîðèñòûì óãëåðîäîì ãðàôèòî-

âûé ýëåêòðîä, èñïîëüçîâàííûé äëÿ âîëüòàìïåðî-

ìåòðè÷åñêîãî îïðåäåëåíèÿ áåòóëèíà è ï-íèòðî-

ôåíîëà.

Íèòðîôåíîëû êëàññèôèöèðóþò êàê îïàñíûå

îòõîäû è ïðèîðèòåòíûå òîêñè÷íûå çàãðÿçíèòåëè

îêðóæàþùåé ñðåäû [14, 15]. Â ñîîòâåòñòâèè ñ

ïðèíÿòûìè â Ðîññèè ãèãèåíè÷åñêèìè íîðìàòè-

âàìè (ÃÍ 2.1.5.1315–03) èõ ñîäåðæàíèå â âîäå

âîäíûõ îáúåêòîâ õîçÿéñòâåííî-ïèòüåâîãî è êóëü-

òóðíî-áûòîâîãî âîäîïîëüçîâàíèÿ ñòðîãî ðåãëà-

ìåíòèðîâàíî. Äëÿ îáúåêòîâ õîçÿéñòâåííî-ïèòü-

åâîãî âîäîïîëüçîâàíèÿ ÏÄÊ ñóììû ëåòó÷èõ

ôåíîëîâ, âûðàæåííàÿ â ïåðåñ÷åòå íà ôåíîë (ôå-

íîëüíîãî èíäåêñà), ðàâíà 0,001 ìã/äì3 (ñîãëàñíî

ÑàíÏèÍ 1.2.3685–21). Äàííûé íîðìàòèâ ïðèìå-

íÿåòñÿ â òîì ñëó÷àå, åñëè âîäó ïëàíèðóþò õëîðè-

ðîâàòü. Â äðóãèõ ñëó÷àÿõ äîïóñêàåòñÿ ïðèñóò-

ñòâèå ëåòó÷èõ ôåíîëîâ â âîäíûõ îáúåêòàõ õîçÿé-

ñòâåííî-ïèòüåâîãî è êóëüòóðíî-áûòîâîãî âîäî-

ïîëüçîâàíèÿ â êîíöåíòðàöèè 0,1 ìã/äì3. ÏÄÊ íå-

ëåòó÷èõ ôåíîëîâ êîëåáëåòñÿ â ïðåäåëàõ 0,1 –

0,4 ìã/äì3. Ïîñêîëüêó íîðìàòèâû íà ñîäåðæàíèå

â âîäå íåëåòó÷èõ ôåíîëîâ ðàçëè÷íû, èõ îïðåäå-

ëÿþò (ïðè íåîáõîäèìîñòè) ðàçäåëüíî, èñïîëüçóÿ

äëÿ ýòîé öåëè ñïåöèàëüíûå ñåëåêòèâíûå ìåòîäû

[16]. Äëÿ îïðåäåëåíèÿ ôåíîëîâ îáû÷íî èñïîëüçó-

þò ñïåêòðîôîòîìåòðèþ [17], âûñîêîýôôåêòèâ-

íóþ æèäêîñòíóþ õðîìàòîãðàôèþ (ÂÝÆÕ) [18],

ãàçîâóþ õðîìàòîãðàôèþ â ñî÷åòàíèè ñ ìàññ-ñïåê-

òðîìåòðèåé (ÃÕ-ÌÑ) [19], êàïèëëÿðíûé ýëåêòðî-

ôîðåç [18]. Ìíîãèå èç ïåðå÷èñëåííûõ ìåòîäîâ

ñëîæíû â àïïàðàòóðíîì îôîðìëåíèè, äîðîãî-

ñòîÿùè èëè õàðàêòåðèçóþòñÿ íèçêîé ýêñïðåññ-

íîñòüþ. Äîñòîéíîé àëüòåðíàòèâîé ÿâëÿåòñÿ èñ-

ïîëüçîâàíèå ýëåêòðîàíàëèòè÷åñêèõ ìåòîäîâ,

êîòîðîå ïîçâîëÿåò îáåñïå÷èòü ÷óâñòâèòåëüíîå,

áûñòðîå è íàäåæíîå îïðåäåëåíèå íèòðîôåíîëîâ

[20 – 23].

Äðóãîé àíàëèò, âîçìîæíîñòü îïðåäåëåíèÿ êî-

òîðîãî ñ èñïîëüçîâàíèåì ïðåäëîæåííîãî ýëåêòðî-

äà èññëåäîâàíà â äàííîé ðàáîòå, — ýòî áåòóëèí

(ðèñ. 1) — ïðèðîäíûé ïåíòàöèêëè÷åñêèé òðèòåð-

ïåíîèä ñî ñòðóêòóðîé ëóïàíà.

Áåòóëèí, êàê è ýêñòðàêò êîðû áåðåçû, â êîòî-

ðîé îí ñîäåðæèòñÿ â çíà÷èòåëüíûõ êîëè÷åñòâàõ,

øèðîêî èñïîëüçóþò â êîñìåòè÷åñêèõ ñðåäñòâàõ

[24]. Áëàãîäàðÿ ñðîäñòâó ñ ãëþêîêîðòèêîèäíûìè

ðåöåïòîðàìè áåòóëèí ïðîÿâëÿåò ïðîòèâîâîñïà-

ëèòåëüíóþ àêòèâíîñòü, ñðàâíèìóþ ñî ñòàíäàðò-

íûìè ïðîòèâîâîñïàëèòåëüíûìè àãåíòàìè ôå-

íèëáóòàçîíîì è äåêñàìåòàçîíîì [25]. Ïîñêîëüêó

áåòóëèí ÿâëÿåòñÿ áèîëîãè÷åñêè àêòèâíûì àãåí-

òîì, äëÿ èçó÷åíèÿ åãî ôàðìàêîêèíåòèêè íåîáõî-

äèì ýôôåêòèâíûé è ÷óâñòâèòåëüíûé ìåòîä åãî
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Ðèñ. 1. Ñòðóêòóðíàÿ ôîðìóëà áåòóëèíà (3â,28-äèãèäðîê-

ñè-20(29)-ëóïåí èëè ëóï-20(29)-åí-3â,28-äèîë)

Fig. 1. Structural formula of betuline (3â,28-dihydroxy-

20(29)-lupen or lup-20(29)-en-3â,28-diol)



îïðåäåëåíèÿ. Îäíàêî ìåòîäû âûñîêîýôôåêòèâ-

íîé òîíêîñëîéíîé õðîìàòîãðàôèè (ÂÝÒÑÕ) [26],

ÂÝÆÕ ñ ÓÔ-äåòåêòèðîâàíèåì [27] è ÃÕ-ÌÑ [28],

êîòîðûå â íàñòîÿùåå âðåìÿ èñïîëüçóþò äëÿ

îïðåäåëåíèÿ áåòóëèíà â ðàñòåíèÿõ è äðóãèõ áèî-

ëîãè÷åñêèõ ìàòðèöàõ, íåäîñòàòî÷íî ÷óâñòâèòåëü-

íû. Â äàííîì ñëó÷àå èñïîëüçîâàíèå íîâîãî ýëåê-

òðîäà, ìîäèôèöèðîâàííîãî ìåçîïîðèñòûì óãëå-

ðîäîì, ìîãëî áû ïîâûñèòü ÷óâñòâèòåëüíîñòü

îïðåäåëåíèÿ áåòóëèíà; ýòà âîçìîæíîñòü è áûëà

èññëåäîâàíà â äàííîé ðàáîòå.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Ìàòåðèàëû è ðåàêòèâû. Äëÿ ìîäèôèêàöèè

ãðàôèòîâîãî ýëåêòðîäà èñïîëüçîâàëè ïîâåðõ-

íîñòíî-àêòèâíûé ìîäèôèêàòîð (ÏÀÌ), ñîñòîÿ-

ùèé èç óãëåðîäíûõ íàíîòðóáîê «Òàóíèò-Ì» è

ìåçîïîðèñòîãî óãëåðîäà (ÎÎÎ «ÍàíîÒåõÖåíòð»,

Òàìáîâ, ÐÔ) â ìàññîâîì ñîîòíîøåíèè 20:80.

Äëÿ ïðèãîòîâëåíèÿ ÏÀÌ íàâåñêè ïîëèñòèðî-

ëà äëÿ ñîçäàíèÿ ïîëèìåðíîé ìàòðèöû (0,0013 ã),

ìåçîïîðèñòîãî óãëåðîäà (0,0025 ã), óãëåðîäíûõ

íàíîòðóáîê (0,0005 ã) ðàñòâîðÿëè â 1,2 ìë 1,2-äè-

õëîðýòàíà ñ ïîñëåäóþùåé îáðàáîòêîé â óëüòðà-

çâóêîâîé âàííå ïðè òåìïåðàòóðå 45 °C.

Ñòðóêòóðà ìîäèôèöèðîâàííîé ïîâåðõíîñòè

ãðàôèòîâîãî ýëåêòðîäà íà îñíîâå ìåçîïîðèñòîãî

óãëåðîäà ïðåäñòàâëåíà íà ðèñ. 2.

Ìåòîä âîëüòàìïåðîìåòðèè ïðåäúÿâëÿåò ïî-

âûøåííûå òðåáîâàíèÿ ê ÷èñòîòå ïðèìåíÿåìûõ

ðåàêòèâîâ, ìàòåðèàëîâ ýëåêòðîäîâ è ïîñóäû.

Äëÿ ïðèãîòîâëåíèÿ ôîíîâîãî ýëåêòðîëèòà

âûñîêîé ÷èñòîòû ïðè îïðåäåëåíèè áåòóëèíà èñ-

ïîëüçîâàëè ôèêñàíàë 0,1 í NaOH (ÒÓ 2642-001-

33813273-97).

Â ðàáîòå èñïîëüçîâàëè ðàñòâîð ï-íèòðîôå-

íîëà (ÒÓ 6-09-3973-75, ÷äà) â áèäèñòèëëèðîâàí-

íîé âîäå ñ êîíöåíòðàöèåé 100 ìã/äì3, ðàñòâîð áå-

òóëèíà (98 % ÷èñòîòû, ÒÓ 9154-001-35348291-16)

â âîäíî-îðãàíè÷åñêîé ñìåñè õëîðîôîðì:ýòàíîë

â ñîîòíîøåíèè 1:3 ñ êîíöåíòðàöèåé 1,8 · 10–6

ìã/äì3; ôîñôàòíûé áóôåðíûé ðàñòâîð (pH =

= 5,8).

Àïïàðàòóðà. Âîëüòàìïåðîãðàììû ðåãèñòðè-

ðîâàëè ñ èñïîëüçîâàíèåì àíàëèòè÷åñêîãî âîëüò-

àìïåðîìåòðè÷åñêîãî êîìïëåêñà ÑÒÀ (ÒÓ 4215-

001-20694097-98), ñîäåðæàùåãî òðè ýëåêòðîõè-

ìè÷åñêèå ÿ÷åéêè, ñ êîìïüþòåðîì ñ óñòàíîâëåí-

íûì ïàêåòîì ïðîãðàìì ÑÒÀ. Â àíàëèçàòîðå ÑÒÀ

ðåàëèçîâàíû ðàçëè÷íûå ðåæèìû ðåãèñòðàöèè

âîëüòàìïåðîãðàìì: ñòóïåí÷àòûé, íàêîïèòåëü-

íûé, äèôôåðåíöèàëüíî-èìïóëüñíûé, êâàäðàòíî-

âîëíîâîé, ÷òî ïîçâîëÿåò âûáðàòü íàèáîëåå ïîä-

õîäÿùèå óñëîâèÿ ïîëó÷åíèÿ àíàëèòè÷åñêîãî ñèã-

íàëà. Âîëüòàìïåðîìåòðè÷åñêîå îïðåäåëåíèå ïðî-

âîäÿò â òðåõýëåêòðîäíîé ñèñòåìå ñî ñìåííûìè

êâàðöåâûìè ñòàêàí÷èêàìè.

Â êà÷åñòâå ýëåêòðîäà ñðàâíåíèÿ è âñïîìîãà-

òåëüíîãî ýëåêòðîäà ïðè îïðåäåëåíèè áåòóëèíà è

ï-íèòðîôåíîëà èñïîëüçîâàëè õëîðèäñåðåáðÿíûé

ýëåêòðîä (Ag|AgCl), çàïîëíåííûé íàñûùåííûì

4 Ì ðàñòâîðîì õëîðèäà êàëèÿ.

Èíäèêàòîðíûé ðàáî÷èé ýëåêòðîä èçãîòàâëè-

âàëè èç ãðàôèòîâîãî ñòåðæíÿ ñ äèàìåòðîì ðàáî-

÷åé ïîâåðõíîñòè 3 – 5 ìì, ïðîïèòàííîãî ñìåñüþ

ïîëèýòèëåíà, ïàðàôèíà è ýïîêñèäíîé ñìîëû.

Ïîâåðõíîñòü ýëåêòðîäà ïåðåä ìîäèôèêàöèåé ïî-

ëèðîâàëè ôèëüòðîâàëüíîé áóìàãîé, ýëåêòðîä

âûäåðæèâàëè â ðàñòâîðå ÏÀÌ îïèñàííîãî ñîñòà-

âà ïðè êîìíàòíîé òåìïåðàòóðå â òå÷åíèå 2 –

3 ñ (ìîäèôèêàöèÿ ìåòîäîì Deep Coating [29]).

Çàòåì ýëåêòðîä óñòàíàâëèâàëè âåðòèêàëüíî ïîä

ñòåêëÿííûì êîëïàêîì äëÿ ïîñëåäóþùåé ñóøêè â

òå÷åíèå 30 ìèí, âî âðåìÿ êîòîðîé ïðîèñõîäèëè

èñïàðåíèå ðàñòâîðèòåëÿ è îòâåðæäåíèå ïîëèìåð-

íîé ìàòðèöû ìîäèôèêàòîðà íà ïîâåðõíîñòè

ýëåêòðîäà, ïîñëå ÷åãî ýëåêòðîä îïóñêàëè â ðàñ-

òâîð ôîíîâîãî ýëåêòðîëèòà.

Ïî èñòå÷åíèè ñðîêà ñëóæáû ýëåêòðîäû ìîãóò

áûòü ïîâòîðíî ìîäèôèöèðîâàíû óêàçàííûì

âûøå ñïîñîáîì ïîñëå óäàëåíèÿ ñëîÿ ìîäèôèêà-

òîðà ñ ïîâåðõíîñòè ýëåêòðîäà ïóòåì åå ïîëèðîâ-

êè ôèëüòðîâàëüíîé áóìàãîé.

Ðåãèñòðàöèþ âîëüòàìïåðîãðàìì ïðîâîäèëè â

äèôôåðåíöèàëüíî-èìïóëüñíîì ðåæèìå. Ýëåêòðî-

íàêîïëåíèå àíàëèòîâ îñóùåñòâëÿëè ïðè çíà÷å-

íèè ïîòåíöèàëà –1,0 Â â òå÷åíèå 30 ñ. Ñêîðîñòü

ðàçâåðòêè ïîòåíöèàëà ñîñòàâëÿëà 35 ìÂ/ñ.
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Ðèñ. 2. Ðàñïðåäåëåíèå ÷àñòèö ïîâåðõíîñòíî-àêòèâíîãî

ìîäèôèêàòîðà (ìåçîïîðèñòîãî óãëåðîäà) íà ïîâåðõíîñòè

ãðàôèòîâîãî ýëåêòðîäà

Fig. 2. Distribution of the SAM (mesoporous carbon) parti-

cles on the surface of the graphite electrode



Îáñóæäåíèå ðåçóëüòàòîâ

Ïðåäâàðèòåëüíûå èñïûòàíèÿ ïîêàçàëè, ÷òî

áåòóëèí ýëåêòðîõèìè÷åñêè íåàêòèâåí íà ãðàôè-

òîâîì ýëåêòðîäå, îäíàêî ïðè èñïîëüçîâàíèè ìî-

äèôèöèðîâàííîãî ýëåêòðîäà ïîëó÷èëè ñòàáèëü-

íûé àíàëèòè÷åñêèé ñèãíàë áåòóëèíà è èçó÷èëè

åãî çàâèñèìîñòü îò âðåìåíè êîíòàêòà ìîäèôèêà-

òîðà ñ ïîâåðõíîñòüþ ýëåêòðîäà (ðèñ. 3).

Èç ðèñ. 3 âèäíî, ÷òî îïòèìàëüíîå âðåìÿ êîí-

òàêòà ôàç — ïîðÿäêà 2 ñ, áîëåå äëèòåëüíîå ìîäè-

ôèöèðîâàíèå ïîâåðõíîñòè ýëåêòðîäà ïðèâîäèò ê

óìåíüøåíèþ àíîäíîãî ñèãíàëà áåòóëèíà èç-çà

óìåíüøåíèÿ ýôôåêòèâíîé ïëîùàäè ïîâåðõíîñòè

çà ñ÷åò áëîêèðîâêè ýíåðãåòè÷åñêèõ öåíòðîâ áîëü-

øèì êîëè÷åñòâîì ìîäèôèêàòîðà.

Ïðè âîëüòàìïåðîìåòðè÷åñêîì îïðåäåëåíèè

îðãàíè÷åñêèõ âåùåñòâ ñóùåñòâåííóþ ðîëü èãðàåò

ðÍ ñðåäû. Ìû ïîëó÷èëè çàâèñèìîñòè àíàëèòè÷å-

ñêîãî ñèãíàëà áåòóëèíà îò åãî êîíöåíòðàöèè â

ïðèñóòñòâèè ðàçëè÷íûõ ôîíîâûõ ýëåêòðîëèòîâ ñ

ðàçëè÷íûì çíà÷åíèåì pH (ðèñ. 4).

Êàê âèäíî èç ðèñ. 4, àíàëèòè÷åñêèé ñèãíàë

áåòóëèíà ìàêñèìàëåí íà ôîíå 0,1 Ì NaOH, êîòî-

ðûé è âûáðàí â êà÷åñòâå ôîíîâîãî ýëåêòðîëèòà

ïðè îïðåäåëåíèè áåòóëèíà.

Íàìè âïåðâûå ïîëó÷åíû âîëüòàìïåðîãðàì-

ìû ï-íèòðîôåíîëà íà ðàçðàáîòàííîì ìîäèôèöè-

ðîâàííîì ýëåêòðîõèìè÷åñêîì ñåíñîðå (ðèñ. 5).

Êàê âèäíî èç ðèñ. 5, âûñîòà ñèãíàëà ï-íèòðî-

ôåíîëà íà ìîäèôèöèðîâàííîì ýëåêòðîäå óâåëè-

÷èâàåòñÿ ïðàêòè÷åñêè â äâà ðàçà ïî ñðàâíåíèþ ñ

íåìîäèôèöèðîâàííûì.

Äàëåå ìû èçó÷èëè çàâèñèìîñòü àíàëèòè÷å-

ñêîãî ñèãíàëà ï-íèòðîôåíîëà îò pH íà ôîíå ôîñ-

ôàòíîãî áóôåðíîãî ðàñòâîðà (ðèñ. 6). Óñòàíîâè-

ëè, ÷òî ñ óâåëè÷åíèåì pH áîëåå 10,0 âûñîòà àíà-

ëèòè÷åñêîãî ñèãíàëà ï-íèòðîôåíîëà óìåíüøàåò-

ñÿ, â ñâÿçè ñ ýòèì çíà÷åíèå pH 5,8 ÿâëÿåòñÿ ïðè-

åìëåìûì äëÿ îïðåäåëåíèÿ ï-íèòðîôåíîëà.

Ãðàäóèðîâî÷íàÿ çàâèñèìîñòü äëÿ îïðåäåëå-

íèÿ ï-íèòðîôåíîëà íà ìîäèôèöèðîâàííîì ãðà-

ôèòîâîì ýëåêòðîäå â äèàïàçîíå êîíöåíòðàöèé

0,5 · 10–3 – 8,0 · 10–3 ìã/äì3 îïèñûâàåòñÿ óðàâíå-

íèåì: y = 41277x + 0,5338 (R2 = 0,993).

Àíàëîãè÷íûì îáðàçîì èçó÷èëè óñëîâèÿ

âîëüòàìïåðîìåòðè÷åñêîãî îïðåäåëåíèÿ áåòóëè-

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 4 25

0,5

1,0

1,5

2,0

2,5

3,0

3,5

0,5 1,5 2,5 3,5 4,5

d
/d

,
ì

ê
À

/ì
Â

I
E

t, c

Ðèñ. 3. Çàâèñèìîñòü àíàëèòè÷åñêîãî ñèãíàëà áåòóëèíà

îò âðåìåíè êîíòàêòà ìîäèôèêàòîðà ñ ïîâåðõíîñòüþ ãðà-

ôèòîâîãî ýëåêòðîäà

Fig. 3. Dependence of the betulin analytical signal on the

contact time of the modifier with the graphite surface
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Ðèñ. 4. Ãðàäóèðîâî÷íàÿ çàâèñèìîñòü äëÿ âîëüòàìïåðî-

ìåòðè÷åñêîãî îïðåäåëåíèÿ áåòóëèíà â ïðèñóòñòâèè ðàç-

ëè÷íûõ ôîíîâûõ ýëåêòðîëèòîâ: 1 — ôîñôàòíûé áóôåð-

íûé ðàñòâîð (pH 6,86); 2 — áóôåðíûé ðàñòâîð Áðèòòî-

íà – Ðîáèíñîíà (pH 9,18); 3 — 0,1 Ì NaOH

Fig. 4. Calibration curves for betulin determination with

different background electrolytes: 1 — pH 6.86 phosphate

buffer; 2 — pH 9.18 Britton – Robinson buffer solution; 3 —

0.1 M NaOH
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Ðèñ. 5. Âîëüòàìïåðîãðàììû ï-íèòðîôåíîëà (C = 0,2

ìã/äì3) íà ãðàôèòîâîì (2) è ìîäèôèöèðîâàííîì ãðàôèòî-

âîì (3) ýëåêòðîäàõ íà ôîíå ôîñôàòíîãî áóôåðíîãî ðàñòâî-

ðà (1)

Fig. 5. Voltammograms of p-nitrophenol (0.2 mg/liter) on

the background of phosphate buffer solution (1): 2 — graph-

ite electrode; 3 — graphite electrode with SAM
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Ðèñ. 6. Çàâèñèìîñòü âûñîòû ïèêà ï-íèòðîôåíîëà îò pH

ôîñôàòíîãî áóôåðíîãî ðàñòâîðà

Fig. 6. Dependence of the peak height of p-nitrophenol on

the pH value of phosphate buffer solution



íà. Íà ðèñ. 7 ïðåäñòàâëåíû öèêëè÷åñêèå âîëüò-

àìïåðîãðàììû áåòóëèíà íà ìîäèôèöèðîâàííîì

ãðàôèòîâîì ýëåêòðîäå.

Íà âîëüòàìïåðîãðàììå âèäåí âûðàæåííûé

ïèê ýëåêòðîîêèñëåíèÿ áåòóëèíà â äèàïàçîíå ïî-

òåíöèàëîâ îò 0,7 äî 0,9 Â, â êàòîäíîì íàïðàâëå-

íèè ïèêà íå íàáëþäàëîñü, ÷òî ñâèäåòåëüñòâóåò î

íåîáðàòèìîì õàðàêòåðå ýëåêòðîäíîãî ïðîöåññà.

Íà íàëè÷èå àäñîðáöèîííîé ñîñòàâëÿþùåé

òîêà òàêæå óêàçûâàëà ëèíåéíàÿ çàâèñèìîñòü

òîêà ïèêà áåòóëèíà îò ñêîðîñòè ðàçâåðòêè ïîëÿ-

ðèçóþùåãî íàïðÿæåíèÿ.

Ïðè óñòàíîâëåíèè ïðèðîäû òîêîâ èñïîëüçî-

âàëè êðèòåðèé Ñåìåðàíî x, êîòîðûé íàõîäèëè èç

óðàâíåíèÿ [30]:

lg I
p

= x lg v + const,

ãäå I
p

— ïðåäåëüíûé òîê; v — ñêîðîñòü ðàçâåðòêè

ïîòåíöèàëà.

Äëÿ ïðîöåññîâ, ëèìèòèðóþùèõñÿ äèôôóçè-

åé, çíà÷åíèå x îáû÷íî ñîñòàâëÿåò 0,5 [31].

Â íàøåì ñëó÷àå ðàññ÷èòàííîå çíà÷åíèå êðè-

òåðèÿ Ñåìåðàíî ñîñòàâëÿåò 1,6, ÷òî óêàçûâàåò íà

îòñóòñòâèå âêëàäà äèôôóçèîííîé ñîñòàâëÿþùåé

òîêà.

Îäíîé èç îòëè÷èòåëüíûõ îñîáåííîñòåé ïðåä-

ëàãàåìîãî ñïîñîáà îïðåäåëåíèÿ áåòóëèíà ÿâëÿåò-

ñÿ îòñóòñòâèå íåîáõîäèìîñòè åãî ïðåäâàðèòåëü-

íîé ýêñòðàêöèè ïðè àíàëèçå îáðàçöîâ ÁÀÄ. Ðå-

çóëüòàòû îïðåäåëåíèÿ áåòóëèíà â äâóõ îáðàçöàõ

ÁÀÄ Âèðáåòîëà (Ñóïåðàíòèòîêñ-100) ñ èçâåñò-

íûì ââåäåííûì êîëè÷åñòâîì áåòóëèíà ïðèâåäå-

íû â òàáë. 1.

Èç òàáë. 1 âèäíî, ÷òî âîëüòàìïåðîìåòðè÷å-

ñêîå îïðåäåëåíèå áåòóëèíà ìîæíî ïðîâîäèòü ñ

ïîãðåøíîñòüþ, íå ïðåâûøàþùåé 15 %. Ïðåäëî-

æåííàÿ ìåòîäèêà ïðîñòà, íå òðåáóåò áîëüøîãî êî-

ëè÷åñòâà ðåàêòèâîâ è òðóäîçàòðàò.

Ðåçóëüòàòû ñðàâíåíèÿ ïðåäëàãàåìîãî ìîäè-

ôèöèðîâàííîãî ýëåêòðîäà ñ äðóãèìè îïèñàííû-

ìè â ëèòåðàòóðå äëÿ îïðåäåëåíèÿ ïåíòàöèêëè÷å-

ñêèõ òðèòåðïåíîèäîâ è íèòðîôåíîëîâ ïðèâåäåíû

â òàáë. 2: âèäíî, ÷òî äèàïàçîí îïðåäåëÿåìûõ ñî-
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Ðèñ. 7. Öèêëè÷åñêèå âîëüòàìïåðîãðàììû áåòóëèíà

(ìîëü/ë) íà ìîäèôèöèðîâàííîì ãðàôèòîâîì ýëåêòðîäå:

1 — C = 2,6 · 10–9; 2 — C = 5,2 · 10–9; 3 — C = 7,8 · 10–9

Fig. 7. Cyclic voltammograms of betulin (M) on the modi-

fied graphite electrode: 1 — 2.6 × 10–9; 2 — 5.2 × 10–9; 3 —

7.8 × 10–9

Òàáëèöà 1. Ðåçóëüòàòû îïðåäåëåíèÿ áåòóëèíà â îáðàçöàõ ÁÀÄ ñ èñïîëüçîâàíèåì ýëåêòðîõèìè÷åñêîãî ñåíñîðà (n = 5;

P = 0,95)

Table 1. The results of betulin determination in BAS with an electrochemical sensor (n = 5; P = 0.95)

Íîìåð îáðàçöà

Ñîäåðæàíèå áåòóëèíà, ìã/ñì3

Ïî ðåöåïòóðå Â ïðîáå Ââåäåíî Íàéäåíî S
r

1 0,6 0,62 ± 0,09 1.00 1,54 ± 0,23 0,37

2 0,59 ± 0,09 2,00 2,61 ± 0,39 0,49

Òàáëèöà 2. Õàðàêòåðèñòèêè ðàçëè÷íûõ ýëåêòðîäîâ äëÿ âîëüòàìïåðîìåòðè÷åñêîãî îïðåäåëåíèÿ áåòóëèíà è ï-íèòðî-

ôåíîëà

Table 2. Characteristics of different electrodes for voltammetric determination of betulin and p-nitrophenol

Ýëåêòðîä Àíàëèò
Ëèíåéíûé äèíàìè÷åñêèé

äèàïàçîí, ìã/äì3
Ññûëêà

Ñâèíöîâî-ïëåíî÷íûé Îëåàíîâàÿ, óðñîëîâàÿ

è áåòóëèíîâàÿ êèñëîòû

0,02 – 0,50 [32, 33]

Ñòåêëîóãëåðîäíûé Áåòóëèí 0,44 – 35,40 [34]

Ñòåêëîóãëåðîäíûé, ìîäèôèöèðîâàí-

íûé íàíîïîðèñòûì çîëîòîì

ï-Íèòðîôåíîë 0,04 – 10,00 [35]

Ãðàôèòîâûé, ìîäèôèöèðîâàííûé

ìåçîïîðèñòûì óãëåðîäîì

Áåòóëèí è ï-íèòðîôåíîë 0,44 · 10–2 – 4,42 (áåòóëèí),

2,0 · 10–3 – 4,0 · 10–1 (ï-íèòðîôåíîë)

Äàííàÿ

ðàáîòà



äåðæàíèé áåòóëèíà è ï-íèòðîôåíîëà ñ èñïîëüçî-

âàíèåì ðàçðàáîòàííîãî ýëåêòðîõèìè÷åñêîãî ñåí-

ñîðà øèðå, ÷åì ïðèâåäåííûé â ðÿäå äðóãèõ ðà-

áîò.

Çàêëþ÷åíèå

Â ðåçóëüòàòå ïðîâåäåííûõ èññëåäîâàíèé ðàç-

ðàáîòàí âûñîêî÷óâñòâèòåëüíûé ýëåêòðîõèìè÷å-

ñêèé ñåíñîð äëÿ îïðåäåëåíèÿ ï-íèòðîôåíîëà è

áåòóëèíà. Èçó÷åíî ýëåêòðîõèìè÷åñêîå ïîâåäåíèå

áåòóëèíà íà íîâîì ãðàôèòîâîì ýëåêòðîäå, ìîäè-

ôèöèðîâàííîì ÓÍÒ è ìåçîïîðèñòûì óãëåðîäîì,

îöåíåí âêëàä àäñîðáöèîííîé è äèôôóçèîííîé

ñîñòàâëÿþùèõ òîêà îêèñëåíèÿ áåòóëèíà. Ïî

ñðàâíåíèþ ñ äðóãèìè îïèñàííûìè â ëèòåðàòóðå

ýëåêòðîõèìè÷åñêèìè ñåíñîðàìè äëÿ îïðåäåëåíèÿ

ï-íèòðîôåíîëà è áåòóëèíà ïðåäëîæåííûé íàìè

äåìîíñòðèðóåò áîëåå âûñîêóþ ÷óâñòâèòåëüíîñòü

îïðåäåëåíèÿ è áîëåå øèðîêèé ëèíåéíûé äèíà-

ìè÷åñêèé äèàïàçîí.

Ôèíàíñèðîâàíèå

Èññëåäîâàíèÿ ïðîâåäåíû ïðè ïîääåðæêå

ÐÔÔÈ (ãðàíò 20-33-90293 Àñïèðàíòû) ñ èñïîëü-

çîâàíèåì ñðåäñòâ öåíòðà êîëëåêòèâíîãî ïîëüçî-

âàíèÿ ÒÏÓ «Ôèçèêî-õèìè÷åñêèå ìåòîäû àíàëè-

çà».
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