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Ïðèíÿòà ê ïóáëèêàöèè 27 ìàðòà 2024 ã.

Ïèðîäåêñòðèíû, øèðîêî èñïîëüçóåìûå â ïðîìûøëåííîñòè, ïîëó÷àþò ïóòåì òåðìè÷åñêîé

äåñòðóêöèè êðàõìàëà ïðè îòñóòñòâèè êàòàëèçàòîðà. Âÿçêîñòü è ðàñòâîðèìîñòü ïîëó÷åííûõ

ïèðîäåêñòðèíîâ îïðåäåëÿþòñÿ ñòåïåíüþ ïèðîäåêñòðèíèçàöèè êðàõìàëà, êîòîðóþ îáû÷íî

îöåíèâàþò âèçóàëüíî ïî èíòåíñèâíîñòè öâåòà ïðîäóêòîâ ðåàêöèè. Â ðàáîòå îáîáùåíû ñâå-

äåíèÿ î ìåõàíèçìå ïèðîäåêñòðèíèçàöèè êðàõìàëà, ðàññìîòðåíî âëèÿíèå òåìïåðàòóðû è

âðåìåíè íàãðåâàíèÿ íà èíòåíñèâíîñòü öâåòà ïîëó÷àåìûõ äåêñòðèíîâ. Ïðåäëîæåíî èñïîëü-

çîâàòü ìåòîä áèíàðíîé öèôðîâîé öâåòîìåòðèè äëÿ èçìåðåíèÿ óðîâíÿ áèíàðèçàöèè äåêñò-

ðèíîâ, íà îñíîâàíèè ïîëó÷åííûõ çíà÷åíèé ñ ó÷åòîì ðÿäà äîïóùåíèé îöåíèâàëè ñòåïåíü

ïèðîäåêñòðèíèçàöèè êðàõìàëà. Äâóõôàêòîðíûì äèñïåðñèîííûì àíàëèçîì óñòàíîâëåíà

çíà÷èìîñòü âëèÿíèÿ òåìïåðàòóðû è âðåìåíè íàãðåâàíèÿ íà ñòåïåíü ïèðîäåêñòðèíèçàöèè

êðàõìàëà á0. Ìåòîäîì ìíîæåñòâåííîé êîððåëÿöèè ïîëó÷åíî óðàâíåíèå çàâèñèìîñòè á0 îò

äàííûõ ïàðàìåòðîâ. Ïîñòðîåíà äèàãðàììà èçîòåðìè÷åñêîé ïèðîäåêñòðèíèçàöèè êðàõìà-

ëà, õàðàêòåðèçóþùàÿ óñëîâèÿ ïîëó÷åíèÿ äåêñòðèíîâ ñ ðàçëè÷íîé ñòåïåíüþ ïèðîäåêñòðè-

íèçàöèè. Ðåçóëüòàòû, ïðèâåäåííûå â íàñòîÿùåé ðàáîòå, ìîãóò áûòü èñïîëüçîâàíû äëÿ

êîíòðîëÿ ïðîöåññà ïèðîäåêñòðèíèçàöèè êðàõìàëà.
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Dextrins are widely used in the food, textile, paper, mining, chemical and pharmaceutical industries.

Pyrodextrin is one of the most known representatives of these materials. Its production is based on the

heat treatment of starch in the absence of a catalyst. A significant demand for pyrodextrin, as well as an

increase in the scope of its application, necessitates the improvement of existing methods of quality con-

trol of this material. The main parameter characterizing the solubility, viscosity and intensity of color is

the degree of starch pyrodextrinization. The evaluation of this parameter in conditions of industrial pro-

duction is carried out by visual observation. The use of such organoleptic methods leads to significant

measurement errors. In this study, we have summarized information about the mechanism of starch

pyrodextrinization, and considered the effect of the temperature and heating time on the color intensity of

the resulting dextrins. A method of binary digital image colorimetry is proposed to be used for assessing

the degree of starch pyrodextrinization, i.e., to measure the level of binarization of dextrins with subse-

quent determination of this parameter, taking into account the initial assumptions. The possibility of us-

ing a specialized software for quantitative analysis of images for the purpose of their transformation and
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subsequent determination of the binarization level of the studied dextrins is shown. The significance of

the effect of temperature and heating time on the degree of starch pyrodextrinization was shown by analy-

sis of variance (ANOVA). The mathematical description of the dependence of these parameters was ob-

tained by multiple regression. The results presented in the study confirm the applicability of binary digital

image colorimetry to assessing the degree of starch pyrodextrinization and process control.

Keywords: pyrodextrin; binary digital image colorimetry; binarization level; ANOVA; multiple regres-

sion.

Ââåäåíèå

Äåêñòðèíû íàõîäÿò øèðîêîå ïðèìåíåíèå â

ïèùåâîé, òåêñòèëüíîé, áóìàæíîé, ãîðíîäîáû-

âàþùåé, õèìè÷åñêîé è ôàðìàöåâòè÷åñêîé ïðî-

ìûøëåííîñòè. Ïîëó÷åíèå ïèðîäåêñòðèíîâ îñíî-

âàíî íà òåðìè÷åñêîé îáðàáîòêå êðàõìàëà ïðè

îòñóòñòâèè êàòàëèçàòîðà [1]: ïðîöåññ õàðàêòåðè-

çóåòñÿ îòíîñèòåëüíî íèçêèìè ýíåðãåòè÷åñêèìè

çàòðàòàìè è ïðîñòîòîé àïïàðàòóðíîãî îôîðìëå-

íèÿ, à îòñóòñòâèå êàòàëèçàòîðîâ ïîçâîëÿåò èñ-

ïîëüçîâàòü ïèðîäåêñòðèíû â ïèùåâîé è ôàðìà-

öåâòè÷åñêîé îòðàñëÿõ [2].

Íàãðåâàíèå êðàõìàëà ñîïðîâîæäàåòñÿ ïðîòå-

êàíèåì ðÿäà õèìè÷åñêèõ ðåàêöèé, ñâÿçàííûõ ñ

åãî äåñòðóêöèåé. Íà ñåãîäíÿøíèé äåíü ïðîöåñ-

ñû, ñâÿçàííûå ñ ïèðîäåêñòðèíèçàöèåé, â ïîëíîé

ìåðå íå èçó÷åíû. Â ðÿäå ðàáîò [3, 4] ñîîáùàåòñÿ î

ðàçëè÷íûõ ðåàêöèÿõ, ïðîòåêàþùèõ â õîäå òåðìè-

÷åñêîé îáðàáîòêè êðàõìàëà. Àíàëèç ëèòåðàòóð-

íûõ äàííûõ [5 – 8] ïîçâîëÿåò îáîáùèòü ñóùåñò-

âóþùèå ñâåäåíèÿ î ìåõàíèçìå ïèðîäåêñòðèíèçà-

öèè êðàõìàëà.

Íà ðèñ. 1 ïîêàçàíû íàèáîëåå âåðîÿòíûå íà-

ïðàâëåíèÿ õèìè÷åñêèõ ðåàêöèé, ñâÿçàííûõ ñ

ðàñùåïëåíèåì ãëèêîçèäíîé ñâÿçè (1 � 4), â ïðî-

öåññå òåðìè÷åñêîé îáðàáîòêè êðàõìàëà (1) ïðè

òåìïåðàòóðå îêîëî 200 °C â îòñóòñòâèå êàòàëè-

çàòîðà.

Ïåðâîå íàïðàâëåíèå (I) — ãîìîëèòè÷åñêîå

ðàñùåïëåíèå, â ðåçóëüòàòå êîòîðîãî îáðàçóåòñÿ

ñâîáîäíûé ãëèêîçèëüíûé ðàäèêàë 2, êîòîðûé ìî-

æåò ðåàãèðîâàòü âíóòðèìîëåêóëÿðíî ñ îáðàçîâà-

íèåì ëåâîãëþêîçàíîâîé êîíöåâîé ãðóïïû 5 èëè

âçàèìîäåéñòâîâàòü ñ OH-ãðóïïîé äðóãîãî á-D-

ãëþêîïèðàíîçíîãî ôðàãìåíòà êðàõìàëà 4, îáðà-

çóÿ 6-O-â-D- è 6-O-á-D-ãëþêîïèðàíîçèë-D-ãëþ-

êîïèðàíîçíûå ôðàãìåíòû 6 è 7 ñîîòâåòñòâåííî.

Ñòîèò ó÷èòûâàòü, ÷òî ñóùåñòâóåò âåðîÿòíîñòü

ïðèñîåäèíåíèÿ äâóõ ñâîáîäíûõ ãëèêîçèëüíûõ

ðàäèêàëîâ 2 â ðåàêöèè îáðûâà öåïè ñ îáðàçîâà-

íèåì êîâàëåíòíîé ñâÿçè ìåæäó àòîìàìè C-1 ðàç-

íûõ ãëþêîïèðàíîçíûõ ôðàãìåíòîâ. Ïîñêîëüêó

êîëè÷åñòâî á-D-ãëþêîïèðàíîçíûõ ôðàãìåíòîâ

íàìíîãî âûøå, ÷åì ãëèêîçèëüíûõ ðàäèêàëîâ, âå-

ðîÿòíîñòü ïðîòåêàíèÿ ðåàêöèè îáðûâà öåïè íå-

çíà÷èòåëüíà [8].

Âòîðîå íàïðàâëåíèå (II) ïèðîäåêñòðèíèçà-

öèè — ãåòåðîëèòè÷åñêîå ðàñùåïëåíèå ãëèêîçèä-

íîé ñâÿçè (1 � 4) ñ îáðàçîâàíèåì öèêëè÷åñêîãî

êàðáêàòèîíà 3 è íåðåäóöèðóþùåãî çâåíà ìàêðî-

ìîëåêóëû. Äàííûé ïðîöåññ îñóùåñòâëÿåòñÿ ïîä

äåéñòâèåì èîíà ãèäðîêñîíèÿ ïóòåì ïðîòîíèðîâà-

íèÿ ãëèêîçèäíîé ñâÿçè è åå ïîñëåäóþùåãî ãåòå-

ðîëèòè÷åñêîãî ðàñùåïëåíèÿ. Íà ýòàïå ðàçðûâà

ãëèêîçèäíîé ñâÿçè ïðîèñõîäèò èçìåíåíèå êîí-

ôîðìàöèè ïèðàíîçíîãî öèêëà èç «êðåñëà» â «ïî-

ëóêðåñëî». Èîí êàðáîêñîíèÿ 3 ñòàáèëèçèðóåòñÿ

çà ñ÷åò ïåðåíîñà ÷àñòè çàðÿäà îò àòîìà C-1 íà

àòîì êèñëîðîäà ïèðàíîçíîãî öèêëà. Äàííîå îá-

ñòîÿòåëüñòâî îáúÿñíÿåò ðàçðûâ ãëèêîçèäíîé ñâÿ-

çè ñî ñòîðîíû àòîìà C-1. Îáðàçîâàâøèéñÿ èîí

êàðáîêñîíèÿ ìîæåò ðåàãèðîâàòü äâóìÿ ñïîñî-

áàìè: âî-ïåðâûõ, âçàèìîäåéñòâèå ñ OH-ãðóïïàìè

â ïîëîæåíèè àòîìîâ C-2, C-3 èëè C-6 âíóòðè-

ìîëåêóëÿðíî èëè ñ äðóãèìè ôðàãìåíòàìè ìîëå-

êóë ñ îáðàçîâàíèåì ãëèêîçèäíûõ ñâÿçåé (1 � 2),

(1 � 3) è (1 � 6). Èñõîäÿ èç ñòåðåîõèìè÷åñêèõ

ïðåäñòàâëåíèé ïðåäïî÷òèòåëüíî îáðàçîâàíèå

ñâÿçåé (1 � 6), ÷òî ïîäòâåðæäàåòñÿ äàííûìè

ðàáîò [3 – 5]. Âòîðîé ñïîñîá çàêëþ÷àåòñÿ âî âíó-

òðèìîëåêóëÿðíîì âçàèìîäåéñòâèè êàðáêàòèîíà ñ

îáðàçîâàíèåì 1,6-àíãèäðî-â-D-ãëþêîïèðàíîçíîé

(ëåâîãëþêîçàíîâîé) êîíöåâîé ãðóïïû 5 è åå âîç-

ìîæíîì âçàèìîäåéñòâèè ñ á-D-ãëþêîïèðàíîçíûì

ôðàãìåíòîì êðàõìàëà 4 [7, 9].

Ñëåäóåò îòìåòèòü, ÷òî ïðîöåññ ïèðîäåêñòðè-

íèçàöèè íàïðÿìóþ ñâÿçàí ñ èçìåíåíèåì èíòåí-

ñèâíîñòè öâåòà äåêñòðèíà [6, 10 – 12] è îïðåäå-

ëÿåòñÿ äâóìÿ ôàêòîðàìè — òåìïåðàòóðîé è âðå-

ìåíåì ïðîòåêàíèÿ. Èñõîäÿ èç ýòîãî ñëåäóåò, ÷òî

ïðîòåêàíèå ïðîöåññà ïèðîäåêñòðèíèçàöèè ìîæ-

íî îöåíèâàòü íà îñíîâàíèè èíòåíñèâíîñòè öâåòà

äåêñòðèíà.

Â íàñòîÿùåå âðåìÿ â óñëîâèÿõ ïðîìûøëåí-

íîñòè ñòåïåíü ïèðîäåêñòðèíèçàöèè êðàõìàëà

îöåíèâàþò ïî èíòåíñèâíîñòè öâåòà äåêñòðèíà

ïóòåì âèçóàëüíîãî íàáëþäåíèÿ [13, 14]. Èñïîëü-

çîâàíèå äàííîãî ñïîñîáà ïðèâîäèò ê çíà÷èòåëü-

íûì îøèáêàì èçìåðåíèé è, êàê ñëåäñòâèå, ê íèç-

êîé êîíòðîëèðóåìîñòè ïðîèçâîäñòâåííîãî ïðî-

öåññà. Äàííîå îáñòîÿòåëüñòâî ÿâëÿåòñÿ ïðè÷èíîé

çíà÷èòåëüíîãî âàðüèðîâàíèÿ ïîêàçàòåëåé êà÷å-

ñòâà äåêñòðèíà â ïðîöåññå åãî ïðîìûøëåííîãî

âûïóñêà. Â ñâÿçè ñ ýòèì ñîâåðøåíñòâîâàíèå ìå-

òîäîâ îöåíêè ñòåïåíè ïèðîäåêñòðèíèçàöèè êðàõ-

ìàëà ñ ó÷åòîì ïðîñòîòû è ñêîðîñòè ðåàëèçàöèè

èçìåðèòåëüíûõ ïðîöåäóð ÿâëÿåòñÿ àêòóàëüíîé

çàäà÷åé.
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Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Â äàííîé ðàáîòå äëÿ îöåíêè ñòåïåíè ïèðîäåê-

ñòðèíèçàöèè êðàõìàëà èñïîëüçîâàëè ìåòîä áè-

íàðíîé öèôðîâîé öâåòîìåòðèè [15, 16] — ìåòîä

èçìåðåíèÿ èíòåíñèâíîñòè öâåòà îáúåêòà ñ èñ-

ïîëüçîâàíèåì öèôðîâûõ óñòðîéñòâ è ïðîãðàìì-

íûõ ñðåäñòâ, ïîçâîëÿþùèõ ïîëó÷èòü áèíàðíîå

èçîáðàæåíèå ñ ïîðîãîâûì ðàçäåëåíèåì èíòåí-

ñèâíîñòåé ïèêñåëåé ðàñòðîâîãî èçîáðàæåíèÿ.

Îáúåêòàìè èññëåäîâàíèÿ áûëè ïèðîäåêñòðè-

íû, ïîëó÷åííûå ïóòåì òåðìè÷åñêîé îáðàáîòêè

êóêóðóçíîãî êðàõìàëà, ñîîòâåòñòâóþùåãî âûñøå-

ìó ñîðòó ïî ÃÎÑÒ 32159–2013. Íàâåñêè êðàõìàëà

ìàññîé 50 ã, âçâåøåííûå íà àíàëèòè÷åñêèõ âåñàõ

Vibra HT-124RCE (ßïîíèÿ) ñïåöèàëüíîãî êëàññà

òî÷íîñòè ñ äèñêðåòíîñòüþ 0,1 ìã, ïîìåùàëè â

ôàðôîðîâûå ÷àøè. Òðè ÷àøè, ñîäåðæàùèå îäè-

íàêîâûå ïî ìàññå íàâåñêè êðàõìàëà, ïåðåíîñèëè

â ïðåäâàðèòåëüíî íàãðåòûé äî 120° C ñóøèëü-

íûé øêàô Nabertherm TR-60 (Ãåðìàíèÿ). Äëè-

òåëüíîñòü âûäåðæèâàíèÿ ñîñòàâëÿëà 60 ìèí. Ïî

îêîí÷àíèè ïðîöåññà ïîëó÷åííûå îáðàçöû ïèðî-

äåêñòðèíà èçâëåêàëè è îõëàæäàëè äî êîìíàòíîé

òåìïåðàòóðû â ýêñèêàòîðå íàä áåçâîäíûì õëîðè-

äîì êàëüöèÿ. Ïðîöåññ ïîâòîðÿëè ñ èñïîëüçîâàíè-

åì íîâûõ íàâåñîê êóêóðóçíîãî êðàõìàëà, óâåëè-

÷èâàÿ â êàæäîì ñëó÷àå äëèòåëüíîñòü âûäåðæèâà-

íèÿ íà 30 ìèí. Ìàêñèìàëüíàÿ äëèòåëüíîñòü âû-

äåðæèâàíèÿ ñîñòàâëÿëà 300 ìèí. Çàòåì âûøå-

îïèñàííóþ ïðîöåäóðó ïîâòîðÿëè ïðè 140, 160,

180 è 200 °C.

Â êà÷åñòâå óñòðîéñòâà äëÿ ïîëó÷åíèÿ èçîáðà-

æåíèé ïîâåðõíîñòè îáðàçöîâ ïèðîäåêñòðèíà èñ-

ïîëüçîâàëè êàìåðó ñìàðòôîíà Samsung Galaxy

Note 9 (Âüåòíàì). Öâåòîâîå ïðåîáðàçîâàíèå èçî-

áðàæåíèé è îïðåäåëåíèå óðîâíÿ áèíàðèçàöèè

îñóùåñòâëÿëè ñ ïðèìåíåíèåì èíñòðóìåíòîâ ïðî-

ãðàììíîãî ïðîäóêòà NEXSYS ImageExpert Pro 3.

Ïîëó÷åííûå èçîáðàæåíèÿ â öâåòîâîé ìîäåëè

RGB ïðåäñòàâëÿëè ñîáîé ôîòîãðàôèè âûðîâíåí-

íîé ïîâåðõíîñòè èññëåäóåìûõ îáðàçöîâ â ôàðôî-

ðîâîé ÷àøå. Èçîáðàæåíèÿ ïåðåíîñèëè â ïîëå

óêàçàííîãî ïðîãðàììíîãî ñðåäñòâà è â ïàíåëè

èíñòðóìåíòîâ äëÿ ïðîâåäåíèÿ èçìåðåíèé âûäå-

ëÿëè îáëàñòü èçîáðàæåíèÿ äëÿ ïîñëåäóþùåãî

àíàëèçà. Çàòåì â ïàíåëè èíñòðóìåíòîâ äëÿ ïðå-

îáðàçîâàíèÿ èçîáðàæåíèé âûáèðàëè ïðåäñòàâëå-

íèå èçîáðàæåíèÿ â çàäàííîé ïàëèòðå. Â îòêðûâ-

øåìñÿ îêíå îòìå÷àëè öâåòîâûå ôèëüòðû äëÿ ïå-

ðåâîäà èçîáðàæåíèÿ â îòòåíêè ñåðîãî (ðèñ. 2).

Äàííûå äåéñòâèÿ óïðîùàëè ïðîâåäåíèå ïîñëå-

äóþùåãî àíàëèçà èçîáðàæåíèé è ïðèâîäèëè ê

ñíèæåíèþ óðîâíÿ øóìà ñ ïîëó÷åíèåì áîëåå âîñ-

ïðîèçâîäèìûõ ðåçóëüòàòîâ. Äàëåå â ïàíåëè èí-

ñòðóìåíòîâ äëÿ ïðåîáðàçîâàíèÿ èçîáðàæåíèé

âûáèðàëè áèíàðèçàöèþ ïî çàäàííîìó óðîâíþ.
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Ðèñ. 1. Ìåõàíèçì ïèðîäåêñòðèíèçàöèè: I — ãîìîëèòè÷åñêîå ðàñùåïëåíèå ãëèêîçèäíîé ñâÿçè (1 � 4) ñ îáðàçîâàíèåì

ñâîáîäíîãî ãëèêîçèëüíîãî ðàäèêàëà; II — ãåòåðîëèòè÷åñêîå ðàñùåïëåíèå ãëèêîçèäíîé ñâÿçè (1 � 4) ñ îáðàçîâàíèåì öèê-

ëè÷åñêîãî êàðáêàòèîíà è íåðåäóöèðóþùåãî çâåíà ìàêðîìîëåêóëû (1 — ñòðóêòóðíûé ôðàãìåíò êðàõìàëà; 2 — ãëèêî-

çèëüíûé ðàäèêàë; 3 — ðåçîíàíñíî-ñòàáèëèçèðîâàííûé êàðáêàòèîí (êàðáîêñîíèé); 4 — á-D-ãëþêîïèðàíîçíûé ôðàãìåíò

êðàõìàëà; 5 — 1,6-àíãèäðî-â-D-ãëþêîïèðàíîçíàÿ (ëåâîãëþêîçàíîâàÿ) êîíöåâàÿ ãðóïïà; 6 — 6-O-â-D-ãëþêîïèðàíî-

çèë-D-ãëþêîïèðàíîçíûé (ãåíòèîáèîçíûé) ôðàãìåíò; 7 — 6-O-á-D-ãëþêîïèðàíîçèë-D-ãëþêîïèðàíîçíûé (èçîìàëüòîç-

íûé) ôðàãìåíò)

Fig. 1. Mechanism of pyrodextrinization: I — homolytic fission of the (1 � 4) glycosidic bond resulting in the formation of a

glucosyl free radical; II — heterolytic fission of the (1 � 4) glycosidic bond resulting in the formation of a cyclic carbocation

and a non-reducing unit of the macromolecule (1 — structural fragment of starch; 2 — glucosyl free radical; 3 — stabilized

carbocation (carboxonium ion); 4 — á-D-glucopyranose fragment of starch; 5 — 1,6-anhydro-â-D-glucopyranose (levogluco-

san) terminal; 6 — 6-O-â-D-glucopyranosyl-D-glucopyranose (gentiobiose) fragment; 7 — 6-O-á-D-glucopyranosyl-D-gluco-

pyranose (isomaltose) fragment)



Óêàçàííàÿ ïðîöåäóðà ïîçâîëèëà ïðîâåñòè ïîðî-

ãîâîå ðàçäåëåíèå èíòåíñèâíîñòåé ðàñòðîâîãî

èçîáðàæåíèÿ ñ ïîëó÷åíèåì áèíàðíîãî èçîáðàæå-

íèÿ, ñîäåðæàùåãî òîëüêî ÷åðíûé è áåëûé öâåòà.

Â õîäå áèíàðèçàöèè âñåì ïèêñåëÿì, çíà÷åíèÿ

èíòåíñèâíîñòè êîòîðûõ ïðåâûøàëè óðîâåíü áè-

íàðèçàöèè, ïðèñâàèâàëîñü çíà÷åíèå 255 (áåëûé

öâåò), îñòàëüíûì — 0 (÷åðíûé). Â îòêðûâøåìñÿ

îêíå îòîáðàæàëñÿ ïîðîãîâûé óðîâåíü áèíàðèçà-

öèè, ðåçóëüòàòû îïðåäåëåíèÿ êîòîðîãî äëÿ êàæ-

äîãî îáðàçöà ïðåäñòàâëåíû â òàáë. 1.

Äàëåå ïîëó÷åííûå äàííûå ïîäâåðãàëè ñòàòè-

ñòè÷åñêîé îáðàáîòêå. Ïðîâåëè ïðîâåðêó ïîäîçðè-

òåëüíûõ ðåçóëüòàòîâ íà íàëè÷èå ãðóáûõ îøèáîê

èçìåðåíèé, â êà÷åñòâå êîòîðûõ èñïîëüçîâàëè

ïðåäåëüíûå çíà÷åíèÿ óðîâíÿ áèíàðèçàöèè (æijïîä)

â âûáîðêå ïî ïàðàëëåëüíûì èçìåðåíèÿì, ïóòåì

ñðàâíåíèÿ òàáóëèðîâàííîãî çíà÷åíèÿ êðèòåðèÿ

èñêëþ÷åíèÿ ãðóáîé îøèáêè ñî çíà÷åíèåì, ðàñ-

ñ÷èòàííûì â ñîîòâåòñòâèè ñ âûðàæåíèåì [17]:

r
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ij ij

ij

�

�3

2

| |
,


 

ïîä

(1)

ãäå riju — êðèòåðèé èñêëþ÷åíèÿ ãðóáîé îøèáêè

äëÿ u-ãî ïàðàëëåëüíîãî èçìåðåíèÿ óðîâíÿ áèíà-

ðèçàöèè ïèðîäåêñòðèíà, ïîëó÷åííîãî ïðè i-é

òåìïåðàòóðå è j-ì âðåìåíè íàãðåâàíèÿ; æijïîä —

ïîäîçðèòåëüíûé ðåçóëüòàò èçìåðåíèÿ óðîâíÿ áè-

íàðèçàöèè ïèðîäåêñòðèíà, ïîëó÷åííîãî ïðè i-é

òåìïåðàòóðå è j-ì âðåìåíè íàãðåâàíèÿ; 
 ij
—

ñðåäíåå çíà÷åíèå óðîâíÿ áèíàðèçàöèè ïî ïàðàë-

ëåëüíûì èçìåðåíèÿì, ñîîòâåòñòâóþùåå i-é òåì-

ïåðàòóðå è j-ìó âðåìåíè íàãðåâàíèÿ; Sij — îøèá-

êà âîñïðîèçâîäèìîñòè ðåçóëüòàòîâ ïàðàëëåëü-

íûõ èçìåðåíèé, ñîîòâåòñòâóþùèõ i-é òåìïåðàòó-

ðå è j-ìó âðåìåíè íàãðåâàíèÿ.

Ñòåïåíü ïèðîäåêñòðèíèçàöèè (áiju) åñòü âåëè-

÷èíà, ðàâíàÿ îòíîøåíèþ êîëè÷åñòâà ïèðîäåê-

ñòðèíèçîâàííîãî êðàõìàëà â ìîìåíò âðåìåíè ô

ê êîëè÷åñòâó êðàõìàëà â íà÷àëüíûé ìîìåíò âðå-

ìåíè (ô = 0). Âçàèìîñâÿçü äàííîé âåëè÷èíû è
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Ðèñ. 2. Èñõîäíûå è ïðåîáðàçîâàííûå èçîáðàæåíèÿ àíà-

ëèçèðóåìûõ ìàòåðèàëîâ: 1 — êðàõìàë â íà÷àëüíûé ìî-

ìåíò âðåìåíè; 2 — ïèðîäåêñòðèí, ïîëó÷åííûé ïðè 200 °C

è âðåìåíè íàãðåâà 90 ìèí; 3 — ïèðîäåêñòðèí ñ ìàêñèìà-

ëüíîé èíòåíñèâíîñòüþ öâåòà, ïîëó÷åííûé ïðè 200 °C

Fig. 2. Original and converted images of materials under

study: 1 — starch at the initial time; 2 — pyrodextrin ob-

tained at 200°C, heating time 90 min; 3 — dextrin with the

maximum color intensity obtained at 200°C

Òàáëèöà 1. Óðîâåíü áèíàðèçàöèè (î
iju

) èññëåäóåìûõ îáðàçöîâ ïèðîäåêñòðèíà

Table 1. The binarization level (îiju) of pyrodextrin samples

t, °C
Âðåìÿ íàãðåâàíèÿ, ô, ìèí

60 90 120 150 180 210 240 270 300

120 200 200 200 200 200 199 199 200 201

200 200 200 201 200 200 200 199 200

200 201 200 200 199 200 199 200 200

140 200 200 200 199 200 201 200 200 200

201 200 200 200 200 200 201 200 200

200 200 200 199 200 200 199 200 200

160 199 198 198 198 197 196 194 192 183

200 199 199 199 198 195 194 192 183

200 199 199 199 197 195 195 193 183

180 190 187 186 185 178 172 166 156 138

190 186 186 185 177 173 165 157 138

190 186 187 184 177 173 165 157 139

200 137 136 130 125 125 114 108 102 87

137 136 129 125 125 116 109 103 87

137 136 130 124 126 115 109 102 88



óðîâíÿ áèíàðèçàöèè ìîæåò áûòü ïðåäñòàâëåíà

ôîðìóëîé:

áiju = (æ0 – æiju)/(æ0 – æ
�
), (2)

ãäå áiju — óðîâåíü áèíàðèçàöèè ïèðîäåêñòðèíà,

ïîëó÷åííîãî ïðè i-é òåìïåðàòóðå, j-ì âðåìåíè

íàãðåâàíèÿ äëÿ u-ãî ïàðàëëåëüíîãî èçìåðåíèÿ;

æ0 — óðîâåíü áèíàðèçàöèè êðàõìàëà â íà÷àëü-

íûé ìîìåíò âðåìåíè (ô = 0); æ
�

— óðîâåíü áèíà-

ðèçàöèè ïðè ñòåïåíè ïèðîäåêñòðèíèçàöèè êðàõ-

ìàëà, ñòðåìÿùåéñÿ ê åäèíèöå.

Íåîáõîäèìî îòìåòèòü, ÷òî âûðàæåíèå (2)

ñïðàâåäëèâî ïðè ñëåäóþùèõ äîïóùåíèÿõ:

1) ñòåïåíü ïèðîäåêñòðèíèçàöèè êðàõìàëà

ïðÿìî ïðîïîðöèîíàëüíà èíòåíñèâíîñòè öâåòà

ïîëó÷àåìîãî äåêñòðèíà;

2) ïî îêîí÷àíèè ïðîöåññà ïèðîäåêñòðèíèçà-

öèè ïîñëåäóþùåå âîçäåéñòâèå íå îêàçûâàåò

âëèÿíèÿ íà èíòåíñèâíîñòü öâåòà äåêñòðèíà;

3) ïðè ñòåïåíè ïèðîäåêñòðèíèçàöèè êðàõìà-

ëà, ðàâíîé åäèíèöå, äîñòèãàåòñÿ ìàêñèìàëüíî

âîçìîæíàÿ èíòåíñèâíîñòü öâåòà ïîëó÷àåìîãî

äåêñòðèíà.

Âû÷èñëåíèå çíà÷åíèé ñòåïåíè ïèðîäåêñòðè-

íèçàöèè â ñîîòâåòñòâèè ñ âûðàæåíèåì (2) îñëîæ-

íåíî òðóäíîñòÿìè êîëè÷åñòâåííîãî îïðåäåëåíèÿ

âåëè÷èíû æ
�
, ñâÿçàííûìè ñ ïðîáëåìîé îïðåäåëå-

íèÿ èíòåíñèâíîñòè öâåòà äåêñòðèíà, îòâå÷àþ-

ùåé ïîëíîé ïèðîäåêñòðèíèçàöèè êðàõìàëà. Òà-

êèì îáðàçîì, âûðàæåíèå (2) áûëî ïðåîáðàçîâàíî

ê ñëåäóþùåìó âèäó:

áiju = á0ijuC, (3)

ãäå á0iju = (æ0 – æiju)/æ0 — îöåíêà ñòåïåíè ïèðîäåê-

ñòðèíèçàöèè êðàõìàëà ïðè i-é òåìïåðàòóðå, j-ì

âðåìåíè íàãðåâàíèÿ äëÿ u-ãî ïàðàëëåëüíîãî èç-

ìåðåíèÿ; C = æ0/(æ0 – æ
�
) — êîíñòàíòà, çàâèñÿùàÿ

îò óðîâíÿ áèíàðèçàöèè êðàõìàëà â íà÷àëüíûé

ìîìåíò âðåìåíè è äåêñòðèíà ñî ñòåïåíüþ ïèðî-

äåêñòðèíèçàöèè, ñòðåìÿùåéñÿ ê åäèíèöå.

Òàê êàê êîíñòàíòà C íå çàâèñèò îò òåìïåðàòó-

ðû è âðåìåíè ïðîâåäåíèÿ ïðîöåññà, â äàííîé ðà-

áîòå äëÿ îöåíêè ñòåïåíè ïèðîäåêñòðèíèçàöèè

êðàõìàëà èñïîëüçîâàëè âåëè÷èíó á0iju.

Çíà÷èìîñòü âëèÿíèÿ òåìïåðàòóðû è âðåìåíè

íàãðåâàíèÿ íà ñòåïåíü ïèðîäåêñòðèíèçàöèè

êðàõìàëà óñòàíàâëèâàëè ïîñðåäñòâîì äâóõôàê-

òîðíîãî äèñïåðñèîííîãî àíàëèçà ñ ó÷åòîì âçàè-

ìîäåéñòâèÿ ôàêòîðîâ â ñîîòâåòñòâèè ñ âûðàæå-

íèÿìè:
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, (7)

ãäå st
2 , s

�

2 , st�
2 , sîø

2 — âûáîðî÷íûå äèñïåðñèè, õà-

ðàêòåðèçóþùèå âêëàä ôàêòîðà òåìïåðàòóðû,

âðåìåíè, âçàèìîäåéñòâèÿ è ñëó÷àéíîñòè ñîîòâåò-

ñòâåííî.

Â äàííîé ðàáîòå äëÿ ïîëó÷åíèÿ êîëè÷åñòâåí-

íûõ çàâèñèìîñòåé îöåíêè ñòåïåíè ïèðîäåêñòðè-

íèçàöèè êðàõìàëà îò òåìïåðàòóðû è âðåìåíè

ïðèìåíÿëè ìíîæåñòâåííóþ íåëèíåéíóþ ðåãðåñ-

ñèþ. Â êà÷åñòâå íåëèíåéíûõ ìîäåëåé ðàññìà-

òðèâàëè ñòåïåííóþ ôóíêöèþ è ïîëèíîì 3-é

ñòåïåíè:

�
0 0

1 2� a t ta a , (8)

á0 = b0 + b1t + b2t
2 + b3t

3 +

+ b4ô + b5ô
2 + b6ô

3. (9)

Âûáîð óêàçàííûõ ìîäåëåé îáóñëîâëåí ïîëó-

÷åíèåì ñîîòâåòñòâóþùèõ çàâèñèìîñòåé â ðàìêàõ

îäíîôàêòîðíîãî àíàëèçà äàííûõ, îïèñàíèå êîòî-

ðûõ ïðåäñòàâëåíî íèæå.

Ïåðâîíà÷àëüíî ïðîâîäèëè ëèíåàðèçàöèþ

óêàçàííûõ çàâèñèìîñòåé: â ñëó÷àå ñòåïåííîé

ôóíêöèè — ïóòåì ëîãàðèôìèðîâàíèÿ, äëÿ ïîëè-

íîìà 3-é ñòåïåíè — çàìåíîé ïåðåìåííûõ x1 = t,

x2 = t2, x3 = t3, x4 = ô, x5 = ô
2, x6 = ô

3. Òàêèì îáðà-

çîì, áûëè ïîëó÷åíû óðàâíåíèÿ ìíîæåñòâåííîé

ëèíåéíîé ðåãðåññèè:

ln á0 = ln a0 + a1 ln t + a2 ln ô, (10)
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á0 = b0 + b1x1 + b2x2 + b3x3 +

+ b4x4 + b5x5 + b6x6. (11)

Êîýôôèöèåíòû a è b â óêàçàííûõ óðàâíåíè-

ÿõ îïðåäåëÿëè ìåòîäîì ìíîæåñòâåííîé êîððåëÿ-

öèè [17, 18], ÷òî ïîçâîëèëî íàéòè óñëîâèÿ íàèáî-

ëåå áëàãîïðèÿòíîãî ïðîòåêàíèÿ ïðîöåññà ïèðî-

äåêñòðèíèçàöèè.

Îáñóæäåíèå ðåçóëüòàòîâ

Ïðîâåðêà ïîäîçðèòåëüíûõ ðåçóëüòàòîâ èçìå-

ðåíèé óðîâíÿ áèíàðèçàöèè â ñîîòâåòñòâèè ñ âû-

ðàæåíèåì (1) ïîêàçàëà íàëè÷èå ãðóáûõ îøèáîê,

êîòîðûå áûëè èñêëþ÷åíû èç âûáîðêè ïî ðåçóëü-

òàòàì ïàðàëëåëüíûõ èçìåðåíèé â öåëÿõ ïîâûøå-

íèÿ òî÷íîñòè ïîëó÷åííûõ äàííûõ.

Íà îñíîâàíèè ÷èñëåííûõ çíà÷åíèé óðîâíÿ

áèíàðèçàöèè (ñì. òàáë. 1) îöåíèëè ñòåïåíü ïèðî-

äåêñòðèíèçàöèè êðàõìàëà (á0iju): íà ðèñ. 3 ïðèâå-

äåíû åå çàâèñèìîñòè îò âðåìåíè ïðè ðàçëè÷íûõ

òåìïåðàòóðàõ íàãðåâàíèÿ. Âèäíî, ÷òî íàãðåâàíèå

êðàõìàëà ïðè 160 °C (ñì. ðèñ. 3, êðèâàÿ 1) ñîïðî-

âîæäàåòñÿ íåçíà÷èòåëüíûì ðîñòîì ñòåïåíè ïèðî-

äåêñòðèíèçàöèè, äîñòèãàþùåé ñïóñòÿ 300 ìèí

çíà÷åíèÿ 0,085. Ïðè òåìïåðàòóðå 180 °C (ñì.

ðèñ. 3, êðèâàÿ 2) íàáëþäàåòñÿ èçìåíåíèå õàðàê-

òåðà çàâèñèìîñòè ñ çàìåòíûì âîçðàñòàíèåì âåëè-

÷èíû á0. Ïðè 200 °C (ñì. ðèñ. 3, êðèâàÿ 3) äîñòè-

ãàþòñÿ ìàêñèìàëüíûå çíà÷åíèÿ ñòåïåíè ïèðî-

äåêñòðèíèçàöèè â ðàìêàõ ðàññìàòðèâàåìîãî èí-

òåðâàëà âðåìåíè. Óêàçàííûå çàâèñèìîñòè ìîãóò

áûòü ïðåäñòàâëåíû â âèäå óðàâíåíèé êóáè÷åñêîé

ðåãðåññèè ñ R2 > 0,95. Ñòîèò îòìåòèòü, ÷òî ïðè

òåìïåðàòóðå ïðîöåññà 120 è 140 °C ðàññ÷èòàííûå

çíà÷åíèÿ á0 íå ïðåâûøàþò 0,005. Òàê êàê óêà-

çàííûå äàííûå ïðèíèìàëè çíà÷åíèÿ â ðàìêàõ

îøèáêè ìåòîäà, èõ èçìåíåíèå íå ó÷èòûâàëè, à

çíà÷åíèå á0 äëÿ âñåãî ðàññìàòðèâàåìîãî èíòåðâà-

ëà âðåìåíè áûëî ïðèíÿòî ðàâíûì íóëþ. Òàêèì

îáðàçîì, ìîæíî ñäåëàòü âûâîä, ÷òî â îòñóòñòâèå

êàòàëèçàòîðà íàãðåâàíèå êðàõìàëà ïðè 200 °C

îáåñïå÷èâàåò ìèíèìàëüíóþ äëèòåëüíîñòü ïèðî-

äåêñòðèíèçàöèè. Ïðè ýòîì ãëàâíûì óñëîâèåì

ïðîòåêàíèÿ äàííîãî ïðîöåññà ÿâëÿåòñÿ òåìïåðà-

òóðà âûøå 140 °C.

Äëÿ óñòàíîâëåíèÿ çíà÷èìîñòè âëèÿíèÿ òåì-

ïåðàòóðû è âðåìåíè íàãðåâàíèÿ íà ñòåïåíü

ïèðîäåêñòðèíèçàöèè êðàõìàëà ïðîâîäèëè äâóõ-

ôàêòîðíûé äèñïåðñèîííûé àíàëèç ñ ó÷åòîì

âçàèìîäåéñòâèÿ ôàêòîðîâ, èñõîäíûìè äàííûìè

ÿâëÿëèñü ÷èñëåííûå çíà÷åíèÿ îöåíîê ñòåïåíè

ïèðîäåêñòðèíèçàöèè êðàõìàëà. Âûáîðî÷íûå

äèñïåðñèè, õàðàêòåðèçóþùèå âêëàä ôàêòîðîâ

òåìïåðàòóðû, âðåìåíè, âçàèìîäåéñòâèÿ è ñëó-

÷àéíîñòè, âû÷èñëÿëè ñîãëàñíî âûðàæåíèÿì

(4) – (7) (òàáë. 2).

Èç òàáë. 2 âèäíî, ÷òî â ðàìêàõ âñåõ ðàññìàò-

ðèâàåìûõ ãèïîòåç H0 äèñïåðñèîííûå îòíîøåíèÿ

çíà÷èòåëüíî ïðåâûøàþò êðèòè÷åñêèå çíà÷åíèÿ

êðèòåðèÿ Ôèøåðà F0,95 (f1, f2) ïðè ñîîòâåòñòâóþ-

ùèõ ñòåïåíÿõ ñâîáîäû. Ýòî îïðîâåðãàåò ñïðàâåä-

ëèâîñòü âñåõ ñôîðìóëèðîâàííûõ íóëåâûõ ãèïî-

òåç è ïîäòâåðæäàåò çíà÷èìîå âëèÿíèå ôàêòîðîâ

òåìïåðàòóðû, âðåìåíè è èõ âçàèìîäåéñòâèÿ íà

ñòåïåíü ïèðîäåêñòðèíèçàöèè êðàõìàëà.

Èñïîëüçîâàíèå ìåòîäà ìíîæåñòâåííîé êîððå-

ëÿöèè ïîçâîëèëî îïðåäåëèòü êîýôôèöèåíòû a è
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Ðèñ. 3. Çàâèñèìîñòè ñòåïåíè ïèðîäåêñòðèíèçàöèè êðàõ-

ìàëà îò âðåìåíè ïðè ðàçëè÷íûõ òåìïåðàòóðàõ íàãðåâà-

íèÿ: 1 — 160 °C; 2 — 180 °C; 3 — 200 °C

Fig. 3. Dependence of degree of starch pyrodextrinization

on the heating time at different temperatures: 1 — 160°C;

2 — 180°C; 3 — 200°C

Òàáëèöà 2. Ðåçóëüòàòû äèñïåðñèîííîãî àíàëèçà

Table 2. The results of ANOVA

Ãèïîòåçà H0

Èñòî÷íèê

äèñïåðñèè

×èñëî ñòåïåíåé

ñâîáîäû f

Âûáîðî÷íàÿ

äèñïåðñèÿ s2

Îòíîøåíèå äèñ-

ïåðñèé s s2 2
îø

F0,95 (f1, f2) [24]

Î ðàâåíñòâå ñðåäíèõ ïîä âëèÿíèåì t t 4 8,077 · 10–1 1,159 · 105 2,473

Î ðàâåíñòâå ñðåäíèõ ïîä âëèÿíèåì ô ô 8 2,209 · 10–2 3,171 · 103 2,043

Îá îòñóòñòâèè âçàèìîäåéñòâèÿ t è ô tô 32 5,491 · 10–3 7,881 · 102 1,572

Îøèáêà 90 6,967 · 10–6



b â óðàâíåíèÿõ 8 – 11, à òàêæå îöåíèòü êà÷åñòâî

ïîëó÷åííûõ ðåãðåññèé (òàáë. 3).

Èñõîäÿ èç ÷èñëåííûõ çíà÷åíèé âûáîðî÷íûõ

êîýôôèöèåíòîâ êîððåëÿöèè, ïðèâåäåííûõ â

òàáë. 3, ñëåäóåò, ÷òî íàèáîëüøåå âîçäåéñòâèå íà

âåëè÷èíó á0 îêàçûâàåò òåìïåðàòóðà. Â ñâîþ î÷å-

ðåäü, ñâÿçü âðåìåíè è á0 âûðàæåíà ìåíüøå, à â

ñëó÷àå òåìïåðàòóðû è âðåìåíè ïîëíîñòüþ îòñóò-

ñòâóåò. Ñòîèò îòìåòèòü, ÷òî âëèÿíèå äðóã íà äðó-

ãà ôàêòîðîâ x1 è x2, x1 è x3, x2 è x3, x4 è x5, x4 è x6,

x5 è x6 âûçâàíî èñïîëüçîâàíèåì îäíîãî è òîãî æå

ïàðàìåòðà, ëåæàùåãî â îñíîâå ñîîòâåòñòâóþùèõ

çàâèñèìûõ ïåðåìåííûõ x.

Äàëüíåéøóþ îöåíêó êà÷åñòâà óðàâíåíèé ðåã-

ðåññèè (10) è (11) ïðîâîäèëè íà îñíîâàíèè ÷èñ-

ëåííûõ çíà÷åíèé êîýôôèöèåíòà ìíîæåñòâåííîé

êîððåëÿöèè (R) è äåòåðìèíàöèè (R2). Äëÿ ïðî-

âåðêè çíà÷èìîñòè R2 èñïîëüçîâàëè F-êðèòåðèé.

Â ñëó÷àå óðàâíåíèé (10) è (11) ðàññ÷èòàííûå çíà-

÷åíèÿ êðèòåðèÿ Ôèøåðà çíà÷èòåëüíî ïðåâûøà-

þò ñîîòâåòñòâóþùèå èì êðèòè÷åñêèå çíà÷åíèÿ,

÷òî ïîäòâåðæäàåò âîçìîæíîñòü èñïîëüçîâàíèÿ

ïîëó÷åííûõ óðàâíåíèé äëÿ îïèñàíèÿ âëèÿíèÿ

òåìïåðàòóðû è âðåìåíè íà îöåíêó ñòåïåíè ïèðî-

äåêñòðèíèçàöèè êðàõìàëà. Ó÷èòûâàÿ, ÷òî êîýô-

ôèöèåíò äåòåðìèíàöèè, ïîëó÷åííûé äëÿ óðàâíå-

íèÿ (11), ïðåâûøàåò ñîîòâåòñòâóþùèé ïîêà-

çàòåëü, ðàññ÷èòàííûé äëÿ óðàâíåíèÿ (10), åñòü

îñíîâàíèå ïîëàãàòü, ÷òî íàèáîëåå äîñòîâåðíûì

ìàòåìàòè÷åñêèì îïèñàíèåì ïðîöåññà ïèðîäåê-

ñòðèíèçàöèè áóäåò ÿâëÿòüñÿ çàâèñèìîñòü â âèäå

ïîëèíîìà 3-é ñòåïåíè.

Ïîëó÷åííàÿ òàêèì îáðàçîì íåëèíåéíàÿ ìî-

äåëü ìíîæåñòâåííîé ðåãðåññèè âèäà á0 = f(t, ô)

áûëà èñïîëüçîâàíà äëÿ ïîñòðîåíèÿ äèàãðàììû

èçîòåðìè÷åñêîé ïèðîäåêñòðèíèçàöèè êðàõìàëà

(ðèñ. 4).

Íà ðèñ. 4 íàáëþäàåòñÿ 5 îáëàñòåé, õàðàêòåðè-

çóþùèõñÿ îïðåäåëåííûì èíòåðâàëîì çíà÷åíèé

âåëè÷èíû á0. Ïðè á0 = 0 îòðàæåíû óñëîâèÿ, â

ðàìêàõ êîòîðûõ îòñóòñòâóåò ïðîòåêàíèå ïðîöåñ-

ñà ïèðîäåêñòðèíèçàöèè. Äàííûé âûâîä ñëåäóåò

èç âûðàæåíèÿ (3): ëþáîå äåéñòâèòåëüíîå çíà÷å-

íèå êîíñòàíòû C ïðèâîäèò ê á = 0. Â ñâîþ î÷å-

ðåäü, ïðîòåêàíèå ïðîöåññà ïèðîäåêñòðèíèçàöèè

ñòàíîâèòñÿ âîçìîæíûì ïðè òåìïåðàòóðå âûøå

140 °C. Ñòîèò ó÷èòûâàòü, ÷òî äëÿ îáåñïå÷åíèÿ

ïðîòåêàíèÿ ðàññìàòðèâàåìîãî ïðîöåññà ïðè îò-

íîñèòåëüíî íèçêîé òåìïåðàòóðå òðåáóåòñÿ âûñî-

êàÿ ïðîäîëæèòåëüíîñòü íàãðåâàíèÿ, è íàîáîðîò,

âûñîêèå çíà÷åíèÿ òåìïåðàòóðû ïîçâîëÿþò ñî-

êðàòèòü äëèòåëüíîñòü íàãðåâàíèÿ. Çíà÷åíèÿ âå-

ëè÷èíû á0 � (0; 0,10] õàðàêòåðèçóþòñÿ íèçêîé

ñòåïåíüþ ïèðîäåêñòðèíèçàöèè êðàõìàëà. Íà

ó÷àñòêå îò 60 äî 300 ìèí òåìïåðàòóðà íàõîäèòñÿ

â èíòåðâàëå 140,4 – 181,5 °C. Â ñëó÷àå á0 � (0,10;

0,25] òåìïåðàòóðíûé èíòåðâàë ñîñòàâëÿåò 161,4 –

193,2 °C, åñëè á0 � (0,25; 0,50] — 184,0 – 205,1 °C.

Ïðè á0 > 0,50 äîñòèãàþòñÿ îòíîñèòåëüíî âûñîêèå

çíà÷åíèÿ ñòåïåíè ïèðîäåêñòðèíèçàöèè êðàõìà-

ëà. Îïðåäåëÿþùèì ôàêòîðîì â äàííîì ñëó÷àå
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Òàáëèöà 3. Ðåçóëüòàòû ìíîæåñòâåííîãî êîððåëÿöèîííîãî àíàëèçà

Table 3. Results of multiple correlation analysis

Óðàâíåíèå

ðåãðåññèè

Êîýôôèöèåíòû

â óðàâíåíèè
Âûáîðî÷íûå êîýôôèöèåíòû êîððåëÿöèè Ïîêàçàòåëè êà÷åñòâà ðåãðåññèè

(8), (10) a0 = 5,789 · 10–38,

a1 = 1,501 · 101,

a2 = 1,065

r tln ln
*
�

0
= 0,889, rln ln

*
� �

0
= 0,350,

r tln ln
*

�
= 0,000

R = 0,955, R2 = 0,913, n = 27,

m = 2, k1 = 2, k2 = 24, F = 125,7,

F0,95 (k1, k2) = 3,4028 [19]

(9), (11) b0 = –1,342 · 101,

b1 = 2,464 · 10–1,

b2 = –1,539 · 10–3,

b3 = 3,257 · 10–6,

b4 = 6,316 · 10–4,

b5 = –3,671 · 10–6,

b6 = 1,084 · 10–8

r x�
0 1

* = 0,898, r x�
0 2

* = 0,905, r x�
0 3

* = 0,911,

r x�
0 4

* = 0,331, r x�
0 5

* = 0,345, r x�
0 6

* = 0,348,

rx x
1 2

* = 0,999, rx x
1 3

* = 0,998, rx x
1 4

* = 0,000,

rx x
1 5

* = 0,000, rx x
1 6

* = 0,000, rx x
2 3

* = 0,999,

rx x
2 4

* = 0,000, rx x
2 5

* = 0,000, rx x
2 6

* = 0,000,

rx x
3 4

* = 0,000, rx x
3 5

* = 0,000, rx x
3 6

* = 0,000,

rx x
4 5

* = 0,983, rx x
4 6

* = 0,946, rx x
5 6

* = 0,989

R = 0,994, R2 = 0,987, n = 27,

m = 6, k1 = 6, k2 = 20, F = 254,9,

F0,95 (k1, k2) = 2,5990 [19]

Ï ð è ì å ÷ à í è å: n — êîëè÷åñòâî îïûòîâ; m — ÷èñëî ôàêòîðîâ; k1 = m; k2 = n – m – 1.
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Ðèñ. 4. Äèàãðàììà èçîòåðìè÷åñêîé ïèðîäåêñòðèíèçàöèè

êðàõìàëà

Fig. 4. Diagram of isothermal pyrodextrinization of starch



ÿâëÿåòñÿ òåìïåðàòóðà, êîòîðàÿ äîëæíà ñîñòàâ-

ëÿòü áîëåå 199,9 °C.

Òàêèì îáðàçîì, äèàãðàììà, ïîêàçàííàÿ íà

ðèñ. 4, îòðàæàåò óñëîâèÿ ïîëó÷åíèÿ äåêñòðèíîâ ñ

ðàçëè÷íîé ñòåïåíüþ ïèðîäåêñòðèíèçàöèè è ìî-

æåò áûòü èñïîëüçîâàíà â ïðîìûøëåííîñòè ïðè

îïðåäåëåíèè óñëîâèé òåðìè÷åñêîé îáðàáîòêè

êðàõìàëà â îòñóòñòâèå êàòàëèçàòîðîâ.

Çàêëþ÷åíèå

Øèðîêîå ðàñïðîñòðàíåíèå ïðîìûøëåííîãî

ñïîñîáà ïîëó÷åíèÿ äåêñòðèíîâ ïóòåì òåðìè÷å-

ñêîé îáðàáîòêè êðàõìàëà ïðè îòñóòñòâèè êàòàëè-

çàòîðà îïðåäåëÿåò íåîáõîäèìîñòü ñîâåðøåíñòâî-

âàíèÿ ñóùåñòâóþùèõ ìåòîäîâ êîíòðîëÿ ïîêàçà-

òåëåé êà÷åñòâà óêàçàííûõ ìàòåðèàëîâ. Â äàííîì

ñëó÷àå îöåíêà çàâåðøåííîñòè ïðîìûøëåííîãî

ïðîöåññà âîçìîæíà ïîñðåäñòâîì êîíòðîëÿ ñòåïå-

íè ïèðîäåêñòðèíèçàöèè êðàõìàëà. Ó÷èòûâàÿ

ñâÿçü ýòîãî ïàðàìåòðà ñ èíòåíñèâíîñòüþ öâåòà

äåêñòðèíà, â íàñòîÿùåé ðàáîòå ðàññìîòðåíî èñ-

ïîëüçîâàíèå ìåòîäà áèíàðíîé öèôðîâîé öâåòî-

ìåòðèè äëÿ îöåíêè ñòåïåíè ïèðîäåêñòðèíèçà-

öèè. Èíòåíñèâíîñòü öâåòà îöåíèâàëè ïóòåì èç-

ìåðåíèÿ óðîâíÿ áèíàðèçàöèè ñ èñïîëüçîâàíèåì

ñïåöèàëèçèðîâàííîãî ïðîãðàììíîãî ñðåäñòâà

äëÿ êîëè÷åñòâåííîãî àíàëèçà èçîáðàæåíèé.

Âëèÿíèå òåìïåðàòóðû è âðåìåíè íàãðåâàíèÿ íà

ñòåïåíü ïèðîäåêñòðèíèçàöèè êðàõìàëà îöåíèâà-

ëè ïîñðåäñòâîì äâóõôàêòîðíîãî äèñïåðñèîííîãî

àíàëèçà, ðåçóëüòàòû êîòîðîãî ñâèäåòåëüñòâóþò î

çíà÷èìîì âëèÿíèè ðàññìàòðèâàåìûõ ôàêòîðîâ.

Ìíîæåñòâåííîé íåëèíåéíîé ðåãðåññèåé ïîëó÷å-

íû êîëè÷åñòâåííûå çàâèñèìîñòè, îïèñûâàþùèå

âçàèìîñâÿçü òåìïåðàòóðû è âðåìåíè íàãðåâàíèÿ

ñ âåëè÷èíîé á0. Óñòàíîâëåíî, ÷òî íàèáîëåå äîñòî-

âåðíàÿ çàâèñèìîñòü îïèñûâàåòñÿ ïîëèíîìîì 3-é

ñòåïåíè. Äëÿ îïðåäåëåíèÿ îïòèìàëüíûõ óñëîâèé

ïðîòåêàíèÿ ïðîöåññà ïîñòðîåíà äèàãðàììà èçî-

òåðìè÷åñêîé ïèðîäåêñòðèíèçàöèè.

Ðåçóëüòàòû, ïðåäñòàâëåííûå â äàííîé ðàáî-

òå, äîêàçûâàþò ïðèìåíèìîñòü ìåòîäà áèíàðíîé

öèôðîâîé öâåòîìåòðèè äëÿ îöåíêè ñòåïåíè ïè-

ðîäåêñòðèíèçàöèè êðàõìàëà. Ðàññìàòðèâàåìûé

ìåòîä îáåñïå÷èâàåò ïîëó÷åíèå âîñïðîèçâîäèìûõ

ðåçóëüòàòîâ, íå òðåáóåò ñïåöèàëüíîãî àïïàðàòóð-

íîãî îôîðìëåíèÿ è ìîæåò áûòü ðåàëèçîâàí â ïî-

ëåâûõ óñëîâèÿõ. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò

áûòü èñïîëüçîâàíû ïðè ïðîìûøëåííîé ïèðîäåê-

ñòðèíèçàöèè êðàõìàëà äëÿ îïðåäåëåíèÿ óñëîâèé

è êîíòðîëÿ ïðîòåêàíèÿ äàííîãî ïðîöåññà.
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