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Ðàçðàáîòàíà ìåòîäèêà îïðåäåëåíèÿ ïàëëàäèÿ â êàòàëèçàòîðàõ, ïðèãîòîâëåííûõ íà ðàçíûõ

óãëåðîäíûõ íîñèòåëÿõ èç òåõíè÷åñêîãî óãëåðîäà è ñèáóíèòà, ìåòîäîì ÀÝÑ-ÈÑÏ ïîñëå ðàç-

ëîæåíèÿ ïðîáû ñìåñüþ õëîðíîé è àçîòíîé êèñëîò. Èññëåäîâàíà ñåðèÿ îáðàçöîâ ïàëëà-

äèé-óãëåðîäíûõ íàíåñåííûõ êàòàëèçàòîðîâ, ñèíòåçèðîâàííûõ íà ðàçíûõ òèïàõ óãëåðîä-

íûõ íîñèòåëåé: îïðåäåëåíû ñòðóêòóðíûå (ïîêàçàòåëü àäñîðáöèè â äèáóòèëôòàëàòå) è òåê-

ñòóðíûå (óäåëüíàÿ ïëîùàäü ïîâåðõíîñòè, óäåëüíûé îáúåì ïîð) õàðàêòåðèñòèêè. Óñòàíîâ-

ëåíî, ÷òî òèï óãëåðîäíîãî íîñèòåëÿ íå âëèÿåò íà ïðàâèëüíîñòü è âîñïðîèçâîäèìîñòü ðåçó-

ëüòàòîâ àíàëèçà ïàëëàäèåâûõ êàòàëèçàòîðîâ. Äëÿ îïðåäåëåíèÿ ïàëëàäèÿ ìîæíî èñïîëüçî-

âàòü åãî àíàëèòè÷åñêèå ëèíèè 340,458 è 360,955 íì áåç ñíèæåíèÿ êà÷åñòâà èçìåðåíèé.

Ïðàâèëüíîñòü ðåçóëüòàòîâ îïðåäåëåíèÿ ïàëëàäèÿ ïîäòâåðæäåíà ìåòîäîì «ââåäåíî – íàé-

äåíî». Âûáðàííûå óñëîâèÿ ïðîáîïîäãîòîâêè ïîçâîëÿþò ñ âûñîêîé òî÷íîñòüþ ïðîâîäèòü

êîëè÷åñòâåííûé àíàëèç ìåòàëëè÷åñêèõ ñèñòåì íà îñíîâå óãëåðîäíîãî íîñèòåëÿ: îòíîñèòå-

ëüíàÿ ïîãðåøíîñòü îïðåäåëåíèÿ ïàëëàäèÿ íå ïðåâûøàåò 4 %, îòíîñèòåëüíîå ñòàíäàðòíîå

îòêëîíåíèå — íå áîëåå 0,04. Ðåçóëüòàòû ðàáîòû ìîãóò áûòü èñïîëüçîâàíû äëÿ àíàëèçà êà-

òàëèçàòîðîâ áëèçêîãî õèìè÷åñêîãî ñîñòàâà ìåòîäîì ÀÝÑ-ÈÑÏ.
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Catalytic processes and technologies are the structure-forming elements of modern chemical, petrochemi-

cal and pharmaceutical industries. Prospects of their development are strongly determined by continuous

improvement of the existing catalysts and developing the advanced and more efficient ones. Among the

available catalysts, an important place belongs to palladium catalysts with carbon supports. Palladium as

an active component exhibits unique catalytic properties in various transformations of organic sub-

stances: hydrogenation, dehydrogenation, isomerization, dehydrocyclization, carbonylation, oxidation,

etc. To control the content of the active component of a catalyst, precise and rapid physicochemical meth-

ods are used. ICP-AES shows a good performance in the analytical practice due to the rapidity, sensitivity,

high accuracy and selectivity in determining various elements. The aim of the study was to develop a sci-

entifically grounded methodological approach to estimate the palladium content in the catalysts synthe-

sized on different carbon supports made of carbon black and Sibunit, which combines only the acidic de-

composition of a sample and analysis by ICP-AES. A series of palladium catalysts synthesized on the car-

bon supports with different structural and textural characteristics was studied. An urgent goal is to con-

trol the content of the active component in the composition of catalysts. This characteristic affects the

phase and electronic state of the metal, the structural and textural characteristics and thus determines

the activity and selectivity of catalysts during operation. Therefore, quantitative chemical analysis is one

of the main methods used to control the quality of catalysts. A method for quantitative determination

of palladium concentration, which combines acidic decomposition of a sample and ICP-AES has been

12 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2024. Òîì 90. ¹ 2



developed. The carbon support type was shown to exert no effect on the accuracy and reproducibility of

data obtained by the analysis of supported palladium catalysts. The content of palladium in such catalysts

can be measured using analytical lines 340.458 and 360.955 nm without lowering the measurement accu-

racy. The selected conditions of sample preparation make it possible to carry out a quantitative analysis of

metal systems based on the carbon support with high accuracy. The relative error in determining the ele-

ments did not exceed 4%, the relative standard deviation was no more than 0.04. The results of this work

can be used to analyze catalysts of similar chemical composition by ICP-AES.

Keywords: inductively coupled plasma atomic emission spectrometry; acid; palladium catalysts; sibunit;

sample preparation.

Ââåäåíèå

Êàòàëèòè÷åñêèå ïðîöåññû è òåõíîëîãèè ÿâëÿ-

þòñÿ ñòðóêòóðîîáðàçóþùèìè ýëåìåíòàìè ñî-

âðåìåííûõ õèìè÷åñêèõ, íåôòåõèìè÷åñêèõ è

ôàðìàöåâòè÷åñêèõ ïðîèçâîäñòâ. Ïåðñïåêòèâû èõ

ðàçâèòèÿ â ðåøàþùåé ñòåïåíè îïðåäåëÿþòñÿ íå-

ïðåðûâíûì ñîâåðøåíñòâîâàíèåì èñïîëüçóåìûõ

êàòàëèçàòîðîâ è ðàçðàáîòêîé íîâûõ áîëåå ýô-

ôåêòèâíûõ. Ñðåäè ñóùåñòâóþùèõ êàòàëèçàòîðîâ

âàæíîå ìåñòî çàíèìàþò ïàëëàäèåâûå êàòàëèçà-

òîðû íà óãëåðîäíûõ íîñèòåëÿõ [1 – 12].

Ïàëëàäèé êàê àêòèâíûé êîìïîíåíò îáëàäàåò

óíèêàëüíûìè êàòàëèòè÷åñêèìè ñâîéñòâàìè â

ðàçëè÷íûõ ðåàêöèÿõ ïðåâðàùåíèÿ îðãàíè÷åñêèõ

âåùåñòâ — ãèäðèðîâàíèÿ, äåãèäðèðîâàíèÿ, èçî-

ìåðèçàöèè, äåãèäðîöèêëèçàöèè, êàðáîíèëèðî-

âàíèÿ, îêèñëåíèÿ è äð., à ðàçíîîáðàçíûå óãëå-

ðîäíûå íîñèòåëè, çà ñ÷åò òàêèõ ñïåöèôè÷åñêèõ

ôèçèêî-õèìè÷åñêèõ ñâîéñòâ, êàê õèìè÷åñêàÿ

èíåðòíîñòü, ôóíêöèîíàëèçàöèÿ ïîâåðõíîñòè,

øèðîêèé äèàïàçîí óäåëüíîé ïîâåðõíîñòè è ïî-

ðèñòîñòè, ïîçâîëÿþò ñîçäàâàòü øèðîêèé êðóã êà-

òàëèçàòîðîâ ïàëëàäèé – óãëåðîä (Pd/C), îñîáåííî

äëÿ îðãàíè÷åñêîãî ñèíòåçà [13].

Â íàñòîÿùåå âðåìÿ äëÿ ïðèãîòîâëåíèÿ êàòà-

ëèòè÷åñêèõ ñèñòåì Pd/C èñïîëüçóþò öåëûé ðÿä

óãëåðîäíûõ ìàòåðèàëîâ: àêòèâèðîâàííûå óãëè,

òåõíè÷åñêèé óãëåðîä, óãëåðîäíûå íàíîòðóáêè,

óãëåðîä-óãëåðîäíûé êîìïîçèò ñèáóíèò è ò.ä. [14].

Òàê, â ðàáîòàõ [1, 13, 14] ïðîäåìîíñòðèðî-

âàíà âîçìîæíîñòü ïðèìåíåíèÿ ïàëëàäèåâûõ êà-

òàëèçàòîðîâ íà îñíîâå òåõíè÷åñêîãî óãëåðîäà

(Pd/ÒÓ) äëÿ ñåëåêòèâíîãî æèäêîôàçíîãî ãèäðè-

ðîâàíèÿ ðàçíûõ îðãàíè÷åñêèõ âåùåñòâ, â òîì

÷èñëå ðàñòèòåëüíûõ æèðîâ. Â ðàáîòàõ [15 – 19]

èçó÷åíû ðåàêöèè ãèäðèðîâàíèÿ îðãàíè÷åñêèõ

ñîåäèíåíèé ðàçëè÷íûõ êëàññîâ ñ èñïîëüçîâàíèåì

ïàëëàäèåâûõ êàòàëèçàòîðîâ íà ìåçîïîðèñòîì

óãëåðîäå (Pd/ñèáóíèò).

Ñîäåðæàíèå íàíåñåííîãî ìåòàëëà ÿâëÿåòñÿ

îäíîé èç âàæíûõ, à â íåêîòîðûõ ñëó÷àÿõ — êëþ-

÷åâîé õàðàêòåðèñòèêîé êàòàëèòè÷åñêèõ ìàòåðèà-

ëîâ íà îñíîâå ðàçëè÷íûõ ìîäèôèêàöèé è ôîðì

óãëåðîäà. Äàííûé ïàðàìåòð ìîæåò îêàçûâàòü

âëèÿíèå íà ôàçîâîå è ýëåêòðîííîå ñîñòîÿíèå àê-

òèâíîãî êîìïîíåíòà, ñòðóêòóðíûå è òåêñòóðíûå

õàðàêòåðèñòèêè óãëåðîäíîãî íîñèòåëÿ, à ñëåäîâà-

òåëüíî, îïðåäåëÿòü àêòèâíîñòü è ñåëåêòèâíîñòü

êàòàëèçàòîðà.

Äëÿ êîíòðîëÿ ñîäåðæàíèÿ àêòèâíîãî êîìïî-

íåíòà â ñîñòàâå êàòàëèçàòîðîâ èñïîëüçóþò âûñî-

êîòî÷íûå è ýêñïðåññíûå ôèçèêî-õèìè÷åñêèå ìå-

òîäû èññëåäîâàíèÿ. Òàê, â ðàáîòàõ [20 – 22] äëÿ

îïðåäåëåíèÿ ïàëëàäèÿ è íèêåëÿ, íàíåñåííûõ íà

óãëåðîäíûé íîñèòåëü, èñïîëüçîâàëè ìåòîä àòîì-

íî-àáñîðáöèîííîé ñïåêòðîìåòðèè (ÀÀÑ) ñ àòî-

ìèçàöèåé â ïëàìåíè. Â ðàáîòå [23] ñîäåðæàíèå

çîëîòà â ñîñòàâå êàòàëèçàòîðà Au/C îïðåäåëÿëè

ìåòîäîì àòîìíî-ýìèññèîííîé ñïåêòðîìåòðèè ñ

èíäóêòèâíî-ñâÿçàííîé ïëàçìîé. Àâòîðàìè ðàáîò

[24 – 26] ïîêàçàíà âîçìîæíîñòü èñïîëüçîâàíèÿ

ìåòîäîâ òåðìîãðàâèìåòðèè è ðåíòãåíîôëóîðåñ-

öåíòíîãî àíàëèçà äëÿ êîíòðîëÿ âûñîêèõ ñîäåð-

æàíèé ïëàòèíû è ìåäè (áîëåå 15 % ìàññ.) â ñîñòà-

âå ýëåêòðîêàòàëèçàòîðîâ Pt/C è Pt-Cu/C.

Ìåòîä àòîìíî-ýìèññèîííîé ñïåêòðîìåòðèè ñ

èíäóêòèâíî-ñâÿçàííîé ïëàçìîé (ÀÝÑ-ÈÑÏ)

õîðîøî çàðåêîìåíäîâàë ñåáÿ â àíàëèòè÷åñêîé

ïðàêòèêå áëàãîäàðÿ ýêñïðåññíîñòè, ÷óâñòâèòåëü-

íîñòè, âûñîêîé òî÷íîñòè è ñåëåêòèâíîñòè îïðåäå-

ëåíèÿ øèðîêîãî êðóãà ýëåìåíòîâ. Ìåæäó òåì

äàííûé ìåòîä íå íàõîäèò øèðîêîãî ïðèìåíåíèÿ

â àíàëèçå êàòàëèçàòîðîâ íà óãëåðîäíûõ íîñèòå-

ëÿõ, ÷òî ñâÿçàíî ñ íåîáõîäèìîñòüþ ïåðåâåäåíèÿ

ïðîáû â ðàñòâîð. Ïðîáîïîäãîòîâêà ÿâëÿåòñÿ ïåð-

âîé è çà÷àñòóþ ñàìîé âàæíîé ñòàäèåé õèìè÷åñêî-

ãî àíàëèçà ñ èñïîëüçîâàíèåì ìåòîäà ÀÝÑ-ÈÑÏ

[27].

Êàê ïðàâèëî, ìåòàëëû, âõîäÿùèå â ñîñòàâ

óãëåðîäíûõ êàòàëèçàòîðîâ â êà÷åñòâå àêòèâíîãî

êîìïîíåíòà, ïåðåâîäÿò â ðàñòâîðèìóþ ôîðìó

ìåòîäîì îçîëåíèÿ ñ ïîñëåäóþùèì ðàñòâîðåíèåì

ñóõîãî îñòàòêà â ðàçáàâëåííîé õëîðîâîäîðîäíîé

êèñëîòå: ïðîáó ñæèãàþò â ìóôåëüíîé ïå÷è ïðè

êîíòðîëèðóåìîé òåìïåðàòóðå, äîñòàòî÷íîé äëÿ

ðàçëîæåíèÿ óãëåðîäíîãî ìàòåðèàëà. Ñëåäóåò îò-

ìåòèòü, ÷òî äàííûé ìåòîä íå ÿâëÿåòñÿ óíèâåð-

ñàëüíûì, òàê êàê òåìïåðàòóðà ñæèãàíèÿ òâåðäî-

ãî îáðàçöà çàâèñèò îò ïðèðîäû óãëåðîäíîãî íîñè-

òåëÿ è àêòèâíîãî êîìïîíåíòà êàòàëèçàòîðà. Ñ îä-

íîé ñòîðîíû, ñæèãàíèå ïðîáû ñëåäóåò ïðîâîäèòü

ïî âîçìîæíîñòè ïðè áîëåå íèçêîé òåìïåðàòóðå âî

èçáåæàíèå ïîòåðü ëåòó÷èõ ñîåäèíåíèé ìåòàëëîâ,

à ñ äðóãîé — òåìïåðàòóðà äîëæíà áûòü äîñòàòî÷-
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íîé äëÿ ðàçðóøåíèÿ áîëüøèíñòâà óãëåðîäíûõ

ìàòåðèàëîâ. Òàê, íàïðèìåð, â ñëó÷àå ïàëëàäèå-

âûõ óãëåðîäíûõ êàòàëèçàòîðîâ ìåòîä îçîëåíèÿ ñ

ïîñëåäóþùèì ðàñòâîðåíèåì ñóõîãî îñòàòêà â ðàç-

áàâëåííîé õëîðîâîäîðîäíîé êèñëîòå íå äàåò

óäîâëåòâîðèòåëüíûõ, ïîñêîëüêó ïðè âûñîêèõ

òåìïåðàòóðàõ îáðàçóþùèéñÿ îêñèä ïàëëàäèÿ (II)

âíîâü ÷àñòè÷íî âîññòàíàâëèâàåòñÿ ñ îáðàçîâàíè-

åì ìåòàëëè÷åñêîãî ïàëëàäèÿ, êîòîðûé íå ðàñòâî-

ðÿåòñÿ â äàííûõ óñëîâèÿõ. Â ñâÿçè ñ ýòèì äàëü-

íåéøåå ðàçëîæåíèå ñóõîãî îñòàòêà ðåêîìåíäóþò

ïðîâîäèòü óæå öàðñêîé âîäêîé [20].

Îäíèì èç ýôôåêòèâíûõ âàðèàíòîâ âñêðûòèÿ

ìåòàëëñîäåðæàùèõ êàòàëèçàòîðîâ íà óãëåðîä-

íûõ íîñèòåëÿõ áåç òåðìè÷åñêîãî âîçäåéñòâèÿ ÿâ-

ëÿåòñÿ èñïîëüçîâàíèå ñìåñè õëîðíîé è àçîòíîé

êèñëîò, âçÿòûõ â îïðåäåëåííîì (âàðüèðóåìîì)

ñîîòíîøåíèè [7, 27]. Äàííûé ñïîñîá ïðèìåíèì

äëÿ âñêðûòèÿ ìàòåðèàëîâ ðàçëè÷íîãî ìåòàëëîîð-

ãàíè÷åñêîãî ñîñòàâà è ïîçâîëÿåò â îäíó ñòàäèþ

ïåðåâåñòè ïðîáó â ðàñòâîð äëÿ ïîñëåäóþùåãî

àíàëèçà ñîîòâåòñòâóþùèì ìåòîäîì.

Öåëü íàñòîÿùåãî èññëåäîâàíèÿ — ðàçðà-

áîòàòü ñïîñîá îïðåäåëåíèÿ ïàëëàäèÿ â ñîñòàâå

êàòàëèçàòîðîâ, ïðèãîòîâëåííûõ íà ðàçíûõ óãëå-

ðîäíûõ íîñèòåëÿõ èç òåõíè÷åñêîãî óãëåðîäà è ñè-

áóíèòà, ñî÷åòàþùèé òîëüêî êèñëîòíîå ðàçëîæå-

íèå ïðîáû è àíàëèç ìåòîäîì ÀÝÑ-ÈÑÏ.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Îáîðóäîâàíèå. Â ðàáîòå èñïîëüçîâàëè àòîìíî-

ýìèññèîííûé ñïåêòðîìåòð ñ èíäóêòèâíî-ñâÿçàí-

íîé ïëàçìîé Varian 710-ES (Agilent Technologies,

Àâñòðàëèÿ) ñ àêñèàëüíûì ðàñïîëîæåíèåì ãî-

ðåëêè. Îïòè÷åñêàÿ ñèñòåìà ïðèáîðà âêëþ÷àåò

ýøåëëå-ïîëèõðîìàòîð ñî ñêðåùåííîé äèñïåðñèåé

ñ ïðèçìîé è äèôðàêöèîííîé ðåøåòêîé 94,74

øòð/ìì, äåòåêòîðîì ñëóæèò ïðÿìîóãîëüíàÿ CCD-

ìàòðèöà. Â×-ïèòàíèå îñóùåñòâëÿåòñÿ îò âñòðî-

åííîãî ãåíåðàòîðà ñ ðåãóëèðóåìîé ìîùíîñòüþ îò

500 äî 1700 Âò, ðàáîòàþùåãî íà ÷àñòîòå 40 ÌÃö.

Äèàïàçîí ðåãèñòðàöèè ñïåêòðà — 177 – 785 íì.

Äëÿ âçâåøèâàíèÿ èñïîëüçîâàëè âåñû XE-100A

(Denver Instrument, ÑØÀ), äèñêðåòíîñòü èçìåðå-

íèÿ ìàññû ñîñòàâëÿëà 0,0001 ã. Óäåëüíóþ ïîâåðõ-

íîñòü è ïîðèñòîñòü îáðàçöîâ îïðåäåëÿëè ñ èñ-

ïîëüçîâàíèåì îáúåìíîé âàêóóìíîé ñòàòè÷åñêîé

óñòàíîâêè ASAP-2020 (Micromeritics, ÑØÀ).

Ðåàãåíòû. Äëÿ ðàñòâîðåíèÿ ïðîá èñïîëüçî-

âàëè êîíöåíòðèðîâàííûå êèñëîòû êâàëèôèêà-

öèè îñ÷ — àçîòíóþ, õëîðíóþ è õëîðîâîäîðîäíóþ.

Äëÿ ïðèãîòîâëåíèÿ ñòàíäàðòíîãî ðàñòâîðà ïàë-

ëàäèÿ ñ êîíöåíòðàöèåé 1 ìã/ìë íàâåñêó ìåòàëëè-

÷åñêîãî ïàëëàäèÿ ìàññîé 0,1000 ã ðàñòâîðÿëè â

öàðñêîé âîäêå (3,0 ìë êîíö. HCl + 1,0 ìë êîíö.

HNO3). Äàëåå ðàñòâîð óïàðèâàëè äî âëàæíûõ ñî-

ëåé, äîáàâëÿëè 5,0 ìë êîíöåíòðèðîâàííîé HCl è

íàãðåâàëè äî äâóêðàòíîãî óìåíüøåíèÿ îáúåìà.

Çàòåì äîáàâëÿëè 25,0 ìë áèäèñòèëëèðîâàííîé

âîäû è íàãðåâàëè åùå â òå÷åíèå 3 – 5 ìèí. Ïîëó-

÷åííûé ðàñòâîð ïåðåíîñèëè â ìåðíóþ êîëáó îáú-

åìîì 100,0 ìë è äîâîäèëè îáúåì ðàñòâîðà äî ìåò-

êè áèäèñòèëëèðîâàííîé âîäîé. Ðàáî÷èå ðàñòâî-

ðû ïàëëàäèÿ ãîòîâèëè ðàçáàâëåíèåì ñòàíäàðòíî-

ãî ðàñòâîðà 5 %-íîé HCl.

Îáúåêòû àíàëèçà. Ïàëëàäèé îïðåäåëÿëè â

ïðîáàõ êàòàëèçàòîðîâ, ïðèãîòîâëåííûõ íà îñíî-

âå òåõíè÷åñêîãî óãëåðîäà ìàðîê Ï145, Ï278-Ý

(ïå÷íîé ñïîñîá ïîëó÷åíèÿ) è Ò900 (òåðìè÷åñêèé

ñïîñîá ïîëó÷åíèÿ), à òàêæå ñèáóíèòà [17].

Óñëîâèÿ àíàëèçà. Ñîäåðæàíèå ïàëëàäèÿ â

ðàñòâîðàõ (â ppm) íàõîäèëè ìåòîäîì äâóõ ñòàí-

äàðòîâ (îãðàíè÷èâàþùèõ ðàñòâîðîâ) ñ ïðèìå-

íåíèåì ðàñ÷åòíîãî ìîäóëÿ ïðîãðàììû ICP Ex-

pert II. Àíàëèòè÷åñêèé ñèãíàë ïàëëàäèÿ èçìå-

ðÿëè ïðè ñëåäóþùèõ óñëîâèÿõ: ìîùíîñòü ïëàç-

ìû — 1,20 êÂò, äàâëåíèå ðàñïûëèòåëÿ —

200 êÏà, ïëàçìîîáðàçóþùèé ïîòîê àðãîíà —

15,0 ë/ìèí, àêñèàëüíûé ïîòîê àðãîíà —

2,25 ë/ìèí, äëèíû âîëí àíàëèòè÷åñêèõ ëèíèé —

340,458 è 360,955 íì.

Ìåòîäèêà ðàçëîæåíèÿ êàòàëèçàòîðîâ. Íà-

âåñêó ïîðîøêîîáðàçíîé ïðîáû ïàëëàäèåâîãî êà-

òàëèçàòîðà ìàññîé 50 – 100 ìã ïîìåùàëè â ñòåê-

ëÿííûé ñòàêàí, äîáàâëÿëè 5,0 ìë 70 %-íîé õëîð-

íîé êèñëîòû è 10,0 ìë HNO3 (ðàçáàâëåííîé â

îáúåìíîì îòíîøåíèè 1:3), íàêðûâàëè ñòàêàí ÷à-

ñîâûì ñòåêëîì è íàãðåâàëè íà ýëåêòðè÷åñêîé

ïëèòêå ïðè òåìïåðàòóðå 350 – 400 °C â òå÷åíèå

4 – 5 ÷ äî ïîëíîãî ðàñòâîðåíèÿ îáðàçöà. Ïîëó÷åí-

íûé ðàñòâîð êîëè÷åñòâåííî ïåðåíîñèëè â ìåð-

íóþ êîëáó îáúåìîì 50,0 ìë, äîáàâëÿëè 2,0 ìë ðàç-

áàâëåííîé HCl (1:1 ïî îáúåìó) è äîâîäèëè îáúåì

ðàñòâîðà äî ìåòêè áèäèñòèëëèðîâàííîé âîäîé.

Ìåòîäèêà èçìåðåíèÿ òåêñòóðíûõ õàðàêòå-

ðèñòèê. Óäåëüíóþ ïîâåðõíîñòü è ïîðèñòîñòü îá-

ðàçöîâ îïðåäåëÿëè ïóòåì àíàëèçà èçîòåðì àä-

ñîðáöèè-äåñîðáöèè àçîòà ïðè 77,2 Ê. Óäåëüíóþ

ïëîùàäü ïîâåðõíîñòè ðàññ÷èòûâàëè ìåòîäîì

ÁÝÒ (SÁÝÒ) ïî èçîòåðìå àäñîðáöèè â èíòåðâàëå

ðàâíîâåñíûõ îòíîñèòåëüíûõ çíà÷åíèé äàâëåíèÿ

ïàðîâ àçîòà P/P0 = 0,03 – 0,2. Ïðè ðàñ÷åòå SÁÝÒ

ïðèíèìàëè, ÷òî çíà÷åíèå ìîëåêóëÿðíîé ïëîùàä-

êè àçîòà â çàïîëíåííîì ìîíîñëîå ñîñòàâëÿåò

0,162 íì2. Çíà÷åíèÿ àäñîðáöèîííîãî (ñóììàðíî-

ãî) îáúåìà ïîð (Vàäñ) îïðåäåëÿëè ïî âåëè÷èíå àä-

ñîðáöèè àçîòà ïðè P/P0 = 0,990. Îáúåì ìèêðîïîð

(Vìèêðî) ðàññ÷èòûâàëè ïóòåì ñðàâíèòåëüíîãî àíà-

ëèçà (t-ìåòîä). Òðåíèðîâêó îáðàçöîâ ïðîâîäèëè

ïðè 300 °C â òå÷åíèå 10 ÷.

Îáñóæäåíèå ðåçóëüòàòîâ

Ïàëëàäèåâûå êàòàëèçàòîðû íà îñíîâå òåõ-

íè÷åñêîãî óãëåðîäà. Ïðèìåíÿåìûå â êà÷åñòâå íî-
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ñèòåëåé ïàëëàäèåâûõ êàòàëèçàòîðîâ ìàðêè òåõ-

íè÷åñêîãî óãëåðîäà Ï145, Ï278-Ý, Ò900 ñóùåñò-

âåííî ðàçëè÷àþòñÿ ïî ñòðóêòóðíîñòè (ïîêàçàòåëü

àáñîðáöèè äèáóòèëôòàëàòà ïî ASTM D-2414),

òåêñòóðíûì õàðàêòåðèñòèêàì (óäåëüíàÿ ïëîùàäü

ïîâåðõíîñòè, óäåëüíûé îáúåì ïîð) è äèàïàçîíó

ðàçìåðîâ (äèàìåòð) ïåðâè÷íûõ ãëîáóëÿðíûõ ÷àñ-

òèö (òàáë. 1). Îòìåòèì, ÷òî ýòè ìàðêè òåõíè÷å-

ñêîãî óãëåðîäà ÷àñòî èñïîëüçóþò â èññëåäîâà-

òåëüñêèõ ðàáîòàõ äëÿ ïðèãîòîâëåíèÿ êàòàëèçàòî-

ðîâ ãèäðèðîâàíèÿ è èõ èñïûòàíèé â ëàáîðàòîð-

íûõ óñëîâèÿõ.

Íàíåñåííûå ïàëëàäèåâûå êàòàëèçàòîðû ãî-

òîâèëè ìåòîäîì ïðîïèòêè ïî âëàãîåìêîñòè: óãëå-

ðîäíûå íîñèòåëè ïðîïèòûâàëè âîäíûì ðàñòâî-

ðîì H2PdCl4 ñ çàäàííîé êîíöåíòðàöèåé Pd ñ ïî-

ñëåäóþùåé ñóøêîé ñíà÷àëà íà âîçäóõå ïðè êîì-

íàòíîé òåìïåðàòóðå, à çàòåì â àòìîñôåðå àðãîíà

ïðè òåìïåðàòóðå 150 °C â òå÷åíèå 0,5 ÷. Äëÿ èñ-

ñëåäîâàíèÿ áûëè ïðèãîòîâëåíû îáðàçöû, ñîäåð-

æàùèå 2 è 5 % ìàññ. ïàëëàäèÿ. Ðåçóëüòàòû êîëè-

÷åñòâåííîãî àíàëèçà ïîëó÷åííûõ îáðàçöîâ ïðåä-

ñòàâëåíû â òàáë. 2.

Èç ïðèâåäåííûõ äàííûõ âèäíî, ÷òî ðåçóëüòà-

òû îïðåäåëåíèÿ ïàëëàäèÿ, ïîëó÷åííûå ïî äâóì

àíàëèòè÷åñêèì ëèíèÿì, ñîïîñòàâèìû äëÿ âñåõ

èçó÷åííûõ îáðàçöîâ. Â ðåçóëüòàòå ñðàâíåíèÿ âû-

áîðîê ïî êðèòåðèþ Ôèøåðà äîñòîâåðíûõ ðàçëè-

÷èé â ñõîäèìîñòè íå âûÿâëåíî. Äîïîëíèòåëüíî

ïðîâåäåíî ñðàâíåíèå ñðåäíèõ çíà÷åíèé ïî êðèòå-

ðèþ Ñòüþäåíòà: ðàçëè÷èå ñðåäíèõ çíà÷åíèé âû-

áîðîê ñòàòèñòè÷åñêè íåçíà÷èìî. Ñëåäîâàòåëüíî,

äëÿ îïðåäåëåíèÿ ïàëëàäèÿ â ïðîïèòî÷íûõ ïàë-

ëàäèé-óãëåðîäíûõ êàòàëèçàòîðàõ ìåòîäîì

ÀÝÑ-ÈÑÏ ìîæíî èñïîëüçîâàòü êàê äëèíó âîëíû

340,458 íì, òàê è 360,955 íì.

Íàéäåííàÿ ìàññîâàÿ äîëÿ ïàëëàäèÿ ñîîòâåò-

ñòâóåò íîìèíàëüíîìó çíà÷åíèþ â àíàëèçèðóå-

ìûõ îáðàçöàõ 1 – 4. Äëÿ îáðàçöîâ 5 è 6 íàéäåí-

íîå ñîäåðæàíèå ïàëëàäèÿ ïðåâûøàåò îæèäàåìîå,

÷òî ìîæíî îáúÿñíèòü îñîáåííîñòÿìè ìèêðîñòðîå-

íèÿ óãëåðîäíîãî íîñèòåëÿ èç Ï145, âëèÿþùèìè

íà ïðîïèòêó ïðåêóðñîðîì H2PdCl4. Äàííûé îáðà-

çåö ïî ñðàâíåíèþ ñ îñòàëüíûìè îáëàäàåò íàè-

ìåíüøèì ñðåäíèì ðàçìåðîì ïåðâè÷íûõ ÷àñòèö è

íàèáîëüøèì óäåëüíûì îáúåìîì ïîð, â òîì ÷èñëå

îáúåìîì ìèêðîïîð (ðàçìåð ìåíåå 2 íì ïî

IUPAC), ñðåäíåðàçâèòîé óäåëüíîé ïîâåðõíîñòüþ

è ñòðóêòóðèðîâàííîñòüþ (ñì. òàáë. 1). Ìîæíî

ïðåäïîëîæèòü, ÷òî ïðè ïðîïèòêå èññëåäóåìûõ

óãëåðîäíûõ íîñèòåëåé H2PdCl4 â ïðîöåññå ó÷àñò-

âóþò è ìèêðîïîðû, õîòÿ èõ ñîäåðæàíèå íåâåëè-

êî. Íåñìîòðÿ íà ýòî, çà ñ÷åò ñóùåñòâåííî áîëåå

âûñîêîãî àäñîðáöèîííîãî ïîòåíöèàëà ïî ñðàâíå-

íèþ ñ ìåçîïîðàìè (ðàçìåð 2 – 50 íì) èõ ðîëü ïðè

ïðîïèòêå â çàêðåïëåíèè ïàëëàäèåâûõ ïðåêóðñî-

ðîâ ïî ñîðáöèîííîìó ïóòè çíà÷èòåëüíà, îñîáåííî

äëÿ óãëåðîäíîãî îáðàçöà Ï145 äàæå ïî ñðàâíå-

íèþ ñ Ï278-Ý è, òåì áîëåå, ñ Ò900 (ñì. òàáë. 1).

Ïîýòîìó ðåçóëüòàò îïðåäåëåíèÿ ïàëëàäèÿ îêàçû-

âàåòñÿ çàâûøåííûì (ñì. òàáë. 2).
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Òàáëèöà 1. Õàðàêòåðèñòèêè óãëåðîäíûõ íîñèòåëåé

Table 1. Characteristics of carbon supports

Îáðàçåö S
ÁÝÒ

, ì2/ã V
ïîð

, ñì3/ã V
ìèêðîïîð

, ñì3/ã D
÷àñòèö

, íì Àáñîðáöèÿ ÄÁÔ, ñì3/100 ã

Ï278-Ý* 407 ± 12 0,769 ± 0,024 0,038 ± 0,002 20 – 40 170 ± 10

Ï145 115 ± 3 0,831 ± 0,046 0,046 ± 0,002 10 – 30 112 ± 8

Ò900 10,0 ± 0,5 0,040 ± 0,002 0,004 ± 0,001 200 – 300 45 ± 5

* Ý — ýëåêòðîïðîâîäíûé óãëåðîä.

Òàáëèöà 2. Ðåçóëüòàòû îïðåäåëåíèÿ ïàëëàäèÿ â èññëåäóåìûõ îáðàçöàõ êàòàëèçàòîðîâ ìåòîäîì ÀÝÑ-ÈÑÏ ïî äâóì àíà-

ëèòè÷åñêèì ëèíèÿì (n = 3; P = 0,95)

Table 2. Results of palladium determination in the studied catalyst samples by ICP-AES using two wavelengths (n = 3;

P = 0.95)

Íîìåð

îáðàçöà

Íàèìåíîâàíèå

îáðàçöà

Íîìèíàëüíîå

ñîäåðæàíèå

Pd, % ìàññ.

ë
1

= 340,458 íì ë
2

= 360,955 íì

Íàéäåííîå ñîäåðæàíèå

Pd, % ìàññ
S

r
, %

Íàéäåííîå ñîäåðæàíèå

Pd, % ìàññ
S

r
, %

1 Pd/Ï278-Ý 2,0 2,10 ± 0,04 1 2,10 ± 0,05 1

2 Pd/Ï278-Ý 5,0 4,86 ± 0,22 2 4,89 ± 0,25 2

3 Pd/Ò900 2,0 1,99 ± 0,34 7 2,00 ± 0,34 7

4 Pd/Ò900 5,0 5,03 ± 0,11 1 5,04 ± 0,06 1

5 Pd/Ï145 2,0 3,14 ± 0,09 1 3,20 ± 0,15 2

6 Pd/Ï145 5,0 6,27 ± 0,64 4 6,30 ± 0,71 5



Ïðàâèëüíîñòü îïðåäåëåíèÿ ïàëëàäèÿ (ë1 =

= 340,458 íì) â èññëåäóåìûõ îáðàçöàõ ïðîâåðÿ-

ëè ìåòîäîì «ââåäåíî – íàéäåíî» (òàáë. 3).

Ðåçóëüòàòû àíàëèçà ïðîá ñ äîáàâêîé õîðî-

øî âîñïðîèçâîäèìû, Sr íå ïðåâûøàåò 0,04, îò-

íîñèòåëüíàÿ ïîãðåøíîñòü îïðåäåëåíèÿ — íå

áîëåå 4 %. Òèï òåõíè÷åñêîãî óãëåðîäà íå âëèÿåò

íà ðåçóëüòàò îïðåäåëåíèÿ ïàëëàäèÿ â êàòàëè-

çàòîðå.

Ïàëëàäèåâûå êàòàëèçàòîðû íà îñíîâå ñèáó-

íèòà. Êàòàëèçàòîðû Pd/ñèáóíèò ñ ñîäåðæàíèåì

ïàëëàäèÿ 0,5 è 1 % ìàññ. ãîòîâèëè ïðîïèòêîé

íîñèòåëÿ âîäíûì ðàñòâîðîì Pd(NO3)2 ïî âëàãî-

åìêîñòè. Óãëåðîä-óãëåðîäíûé íîñèòåëü ñèáóíèò

(ôðàêöèÿ 0,07 – 0,09 ìì, óäåëüíàÿ ïîâåðõíîñòü

SÁÝÒ = 340 ± 7 ì2/ã) ïðåäâàðèòåëüíî îáðàáàòûâà-

ëè 5 %-íûì ðàñòâîðîì HNO3. Ïîëó÷åííûå îáðàç-

öû ñóøèëè ïðè 120 °C â òå÷åíèå 2 ÷ è âîññòàíàâ-

ëèâàëè â ïîòîêå âîäîðîäà â òå÷åíèå 3 ÷ ïðè òåì-

ïåðàòóðå 500 °C. Ðåçóëüòàòû îïðåäåëåíèÿ Pd

ïðåäñòàâëåíû â òàáë. 4 [28].

Èç ïðåäñòàâëåííûõ ðåçóëüòàòîâ âèäíî, ÷òî

íàéäåííîå ñîäåðæàíèå ïàëëàäèÿ ñîîòâåòñòâóåò

íîìèíàëüíîìó çíà÷åíèþ, îòíîñèòåëüíîå ñòàí-

äàðòíîå îòêëîíåíèå íå ïðåâûøàåò 0,02.

Òàêèì îáðàçîì, èñïîëüçîâàíèå êèñëîòíîãî

ðàçëîæåíèÿ â ñìåñè àçîòíîé è õëîðíîé êèñëîò

ïîçâîëÿåò ñ âûñîêîé òî÷íîñòüþ îïðåäåëÿòü ïàë-

ëàäèé ìåòîäîì ÀÝÑ-ÈÑÏ â êàòàëèçàòîðàõ íà

îñíîâå ñèáóíèòà.

Çàêëþ÷åíèå

Ðàçðàáîòàíà íîâàÿ ìåòîäèêà îïðåäåëåíèÿ

ïàëëàäèÿ ìåòîäîì ÀÝÑ-ÈÑÏ â êàòàëèòè÷åñêèõ

äâóõêîìïîíåíòíûõ ñèñòåìàõ Pd/C (C — òåõíè÷å-

ñêèé óãëåðîä ðàçëè÷íûõ ìàðîê, óãëåðîä-óãëåðîä-

íûé êîìïîçèò ñèáóíèò) ïîñëå ðàçëîæåíèÿ îáðàç-

öîâ ñìåñüþ õëîðíîé è àçîòíîé êèñëîò. Óñòàíîâ-

ëåíî, ÷òî òèï óãëåðîäíîãî íîñèòåëÿ, à èìåííî,

åãî ñòðóêòóðíûå è òåêñòóðíûå õàðàêòåðèñòèêè,

íå âëèÿþò íà ðåçóëüòàò îïðåäåëåíèÿ ïàëëàäèÿ â

êàòàëèçàòîðå. Ñîäåðæàíèå ïàëëàäèÿ â ñîñòàâå

íàíåñåííûõ óãëåðîäíûõ êàòàëèçàòîðîâ ìîæåò

áûòü îïðåäåëåíî ñ èñïîëüçîâàíèåì àíàëèòè÷å-

ñêèõ ëèíèé 340,458 è 360,955 íì. Ðåçóëüòàòû

äàííîé ðàáîòû ìîãóò áûòü ïîëåçíû ñïåöèàëè-

ñòàì, çàíèìàþùèìñÿ ñèíòåçîì è èññëåäîâàíèåì

ìåòàëëîóãëåðîäíûõ êàòàëèçàòîðîâ äëÿ ðàçëè÷-

íûõ õèìèêî-òåõíîëîãè÷åñêèõ ïðîöåññîâ.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæ-

êå Ìèíèñòåðñòâà íàóêè è âûñøåãî îáðàçîâàíèÿ

ÐÔ â ðàìêàõ ãîñóäàðñòâåííîãî çàäàíèÿ Èíñòèòó-

òà êàòàëèçà ÑÎ ÐÀÍ (ïðîåêò ÀÀÀÀ-À21-

121011890076-8).

Èññëåäîâàíèå ïðîâîäèëè ñ èñïîëüçîâàíèåì

îáîðóäîâàíèÿ öåíòðà êîëëåêòèâíîãî ïîëüçîâà-

íèÿ «Íàöèîíàëüíûé öåíòð èññëåäîâàíèÿ êàòàëè-

çàòîðîâ» Èíñòèòóòà êàòàëèçà èì. Ã. Ê. Áîðåñêîâà

ÑÎ ÐÀÍ.

Àâòîðû âûðàæàþò áëàãîäàðíîñòü Ò. È. Ãó-

ëÿåâîé è Ã. Ã. Ñàâåëüåâîé çà ïîìîùü â ïîëó÷å-

íèè äàííûõ îá óäåëüíîé ïîâåðõíîñòè è ïîðèñòîé

ñòðóêòóðå îáðàçöîâ, À. Â. Áàáåíêî — çà ïðèãîòîâ-

ëåíèå ìîäåëüíûõ ñèñòåì è îïðåäåëåíèå â íèõ

ïàëëàäèÿ.

16 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2024. Òîì 90. ¹ 2

Òàáëèöà 3. Ðåçóëüòàòû îïðåäåëåíèÿ ïàëëàäèÿ ( %) â êàòàëèçàòîðàõ ìåòîäîì «ââåäåíî – íàéäåíî» (n = 3; P = 0,95)

Table 3. The results of palladium determination (%) in catalysts using the recovery test (n = 3; P = 0.95)

Îáðàçåö

W
Pd

, % ìàññ.
S

r
, % Ä

îòí
, %

Ââåäåíî Íàéäåíî

Ï278-Ý (2 % Pd) 2,50 2,55 ± 0,07 1 +2,0

Ï278-Ý (5 % Pd) 5,82 5,78 ± 0,05 0,4 –0,7

Ò900 (2 % Pd) 2,51 2,55 ± 0,22 4 +1,6

Ò900 (5 % Pd) 6,09 5,89 ± 0,30 2 –3,3

Ï145 (2 % Pd) 3,81 3,75 ± 0,30 2 –1,6

Ï145 (5 % Pd) 7,37 7,29 ± 0,30 2 –1,1

Òàáëèöà 4. Ðåçóëüòàòû îïðåäåëåíèÿ ïàëëàäèÿ â êàòàëèçàòîðàõ Pd/ñèáóíèò ìåòîäîì ÀÝÑ-ÈÑÏ (ë
2

= 360,955 íì; n = 3;

P = 0,95)

Table 4. Results of the palladium determination in Pd/Sibunit catalysts by ICP-AES (ë2 = 360.955 nm; n = 3; P = 0.95)

Íîìåð îáðàçöà Íîìèíàëüíîå ñîäåðæàíèå Pd, % ìàññ. Íàéäåííîå ñîäåðæàíèå Pd, % ìàññ. S
r
, %

1 0,5 0,49 ± 0,02 1

2 1,0 1,02 ± 0,04 2
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