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Ç Ì‡ÒÚÓfl˘ÂÂ ‚ÂÏfl ÔÓfl‚ËÎÓÒ¸ ÏÌÓ„Ó ‡·ÓÚ, ËÒ-
ÔÓÎ¸ÁÛ˛˘Ëı „‡‰ËÂÌÚÌÓÂ ˝Î˛ËÓ‚‡ÌËÂ ‚ ËÓÌÌÓÈ
ıÓÏ‡ÚÓ„‡ÙËË (

 

Éùàï

 

), ‚ ÍÓÚÓÓÏ ÒËÎ‡ ˝Î˛ÂÌÚ‡
ÏÂÌflÂÚÒfl ÔflÏÓ ‚ ÔÓˆÂÒÒÂ ‡Ì‡ÎËÁ‡ [1–3]. èÓÒÚÓ-
ÂÌËÂ Ï‡ÚÂÏ‡ÚË˜ÂÒÍÓÈ ÚÂÓËË, ÏÓ‰ÂÎËÛ˛˘ÂÈ ÔÓ-
ˆÂÒÒ˚ Éùàï, Ò‚Ó‰ËÚÒfl Í ‚˚‚Ó‰Û ÙÓÏÛÎ˚ ‰Îfl
¯ËËÌ˚ ıÓÏ‡ÚÓ„‡ÙË˜ÂÒÍÓ„Ó ÔËÍ‡, Ú‡Í Í‡Í ‚ÚÓ-
‡fl ÓÒÌÓ‚Ì‡fl ‚ÂÎË˜ËÌ‡ – ‚ÂÏfl ‚˚ıÓ‰‡ ÔËÍ‡ – ‡Ò-
Ò˜ËÚ˚‚‡ÂÚÒfl ËÌÚÂ„ËÓ‚‡ÌËÂÏ ÒÍÓÓÒÚË ÔËÍ‡
‚‰ÓÎ¸ ÍÓÎÓÌÍË. Ç Ì‡ÒÚÓfl˘ÂÈ ‡·ÓÚÂ ‚ ÒÓÓÚ‚ÂÚ-
ÒÚ‚ËË Ò ÔÂ‰ÎÓÊÂÌÌÓÈ ÚÂÓËÂÈ ÏÓ‰ËÙËˆËÓ‚‡Ì‡
ÔÓ„‡ÏÏ‡ ‰Îfl ùÇå IonChrom

 

©

 

 [4] Ë ÔÓ‚Â‰ÂÌ˚
ÚÂÒÚÓ‚˚Â ‡Ò˜ÂÚ˚.

 

íÂÓÂÚË˜ÂÒÍ‡fl ˜‡ÒÚ¸

 

ÄÒËÏÔÚÓÚË˜ÂÒÍ‡fl ÚÂÓËfl ËÓÌÌÓÈ ıÓÏ‡ÚÓ„‡-
ÙËË, ‡Á‚ËÚ‡fl Ì‡ÏË ‚ ‡·ÓÚ‡ı [5] Ë [6], Ì‡ÔflÏÛ˛
‰Îfl Éùàï ÌÂ ÔËÏÂÌËÏ‡ ‚ ÒËÎÛ ÒÛ˘ÂÒÚ‚ÂÌÌ˚ı ËÁ-
ÏÂÌÂÌËÈ ÒÍÓÓÒÚÂÈ ÔËÍÓ‚ ÔÓ·˚ ‚ ÔÓˆÂÒÒÂ ‡Á-
‰ÂÎÂÌËfl. ÑÎfl ‚˚‚Ó‰‡ ÔÓÔ‡‚ÓÍ Í ÙÓÏÛÎ‡Ï ‡·Ó-
Ú˚ [6] ÔÂ‰ÒÚ‡‚ËÏ „‡‰ËÂÌÚÌ˚È ÂÊËÏ Í‡Í ÒÂË˛
ÒÚÛÔÂÌ˜‡Ú˚ı ËÁÏÂÌÂÌËÈ ÒËÎ˚ ˝Î˛ÂÌÚ‡ Ë, Í‡Í ÒÎÂ‰-
ÒÚ‚ËÂ, ÒÓÓÚ‚ÂÚÒÚ‚Û˛˘Ëı ËÁÏÂÌÂÌËÈ ÒÍÓÓÒÚÂÈ ÔË-
ÍÓ‚ ÔÓ·˚. àÒÒÎÂ‰ÛÂÏ ‚ÎËflÌËÂ Ì‡ ¯ËËÌÛ ÔËÍ‡
Ó‰ÌÓÈ Ú‡ÍÓÈ ÒÚÛÔÂÌ¸ÍË, ‰‚ËÊÛ˘ÂÈÒfl ÔÓ ÍÓÎÓÌÍÂ
(ÔÓ ÓÒË 0 
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 ÏÌÓ„Ó ·ÓÎ¸¯Â ÒÍÓÓÒÚÂÈ ÔËÍÓ‚ ÔÓ·˚ Ë ·ÎËÁ-
Í‡ Í ÒÍÓÓÒÚË ˝Î˛ÂÌÚ‡ 

 

V

 

0

 

 ‚ ÍÓÎÓÌÍÂ. 

Ç Ì‡˜‡Î¸ÌÓÏ ÒÂ˜ÂÌËË ÍÓÎÓÌÍË Á‡‰‡‰ËÏ ÔÂ‚Ó-
Ì‡˜‡Î¸ÌÛ˛ ÙÓÏÛ ÔËÍ‡ ‚ ‚Ë‰Â:

(1)

„‰Â 

 

σ

 

 – ‰ËÒÔÂÒËfl ÔËÍ‡, Ò‚flÁ‡ÌÌ‡fl Ò ÔÓÎÛ¯ËËÌÓÈ
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l

 

 ÒÓ-
ÓÚ‚ÂÚÒÚ‚ÛÂÚ ‡ÒÒÏ‡ÚË‚‡ÂÏÓÏÛ Ì‡ÏË ÒÂ˜ÂÌË˛).

èÛÒÚ¸ ‰Ó ÒÍ‡˜Í‡ ÔËÍ ‰‚ËÊÂÚÒfl ÔÓ ÓÒË 

 

l

 

 ÒÓ ÒÍÓ-
ÓÒÚ¸˛ 

 

V

 

1

 

, ‡ ÔÓÒÎÂ ÒÍ‡˜Í‡ – ÒÓ ÒÍÓÓÒÚ¸˛ 

 

V

 

2

 

. í‡-
ÍËÏ Ó·‡ÁÓÏ, ÒÍÓÓÒÚ¸ ÔËÍ‡ Û‰Ó‚ÎÂÚ‚ÓflÂÚ Û‡‚-
ÌÂÌË˛:

(2)

„‰Â 

 

t

 

r

 

 – ÏÓÏÂÌÚ ‚ÂÏÂÌË ÒÍ‡˜Í‡ ÍÓÌˆÂÌÚ‡ˆËË
˝Î˛ÂÌÚ‡ ‚ ‡ÒÒÏ‡ÚË‚‡ÂÏÓÏ ÒÂ˜ÂÌËË (

 

l

 

 = 0).

ä‡Ê‰‡fl ÚÓ˜Í‡ ÔËÍ‡, ÓÔÂ‰ÂÎflÂÏ‡fl ‚ Ì‡˜‡Î¸ÌÓÏ
ÒÂ˜ÂÌËË Ô‡‡ÏÂÚÓÏ 

 

t

 

0

 

, ÔÓÒÎÂ ÔÓıÓÊ‰ÂÌËfl ÒÍ‡˜-
Í‡ ÒÍÓÓÒÚÂÈ ‰‚ËÊÂÚÒfl ÔÓ Á‡ÍÓÌÛ (ËÒ. 1):
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(3)

ÇÂÚËÍ‡Î¸Ì‡fl ¯ÚËıÓ‚‡fl ÎËÌËfl (ËÒ. 1) ‰‚ËÊÂÚÒfl
ÒÓ ÒÍÓÓÒÚ¸˛ 

 

V

 

F

 

. éÌ‡ ÓÚ‰ÂÎflÂÚ Ô‡‚Û˛ Ó·Î‡ÒÚ¸,
„‰Â ÒÍÓÓÒÚ¸ ÚÓ˜ÂÍ ÔËÍ‡ 

 

V

 

1

 

, ÓÚ ÎÂ‚ÓÈ, „‰Â ÒÍÓÓÒÚ¸
ÚÓ˜ÂÍ ÔËÍ‡ 

 

V

 

2

 

. ÜËÌÓÈ ÎËÌËÂÈ ÔÓÍ‡Á‡Ì‡ ÂÁÛÎ¸-
ÚËÛ˛˘‡fl ÙÓÏ‡ ÔËÍ‡ ‚ ÚÂÍÛ˘ËÈ ÏÓÏÂÌÚ. èÛÌÍ-
ÚËÌ˚ÏË ÎËÌËflÏË ‰ÓËÒÓ‚‡Ì˚ „‡ÛÒÒË‡Ì˚, ËÁ ÓÚ-
ÂÁÍÓ‚ ÍÓÚÓ˚ı ÔÓÒÚÓÂÌ ÂÁÛÎ¸ÚËÛ˛˘ËÈ ÔËÍ,
Ó‰Ì‡ ËÁ ˝ÚËı „‡ÛÒÒË‡Ì ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ ÙÓÏÂ ÔËÍ‡
‰Ó ÒÍ‡˜Í‡, ‚ÚÓ‡fl – ÔÓÒÎÂ.

êÂ¯‡fl Û‡‚ÌÂÌËÂ (3) ÓÚÌÓÒËÚÂÎ¸ÌÓ 

 

t

 

0

 

, ÔÓÎÛ˜ËÏ:

(4)

ì˜ËÚ˚‚‡fl, ˜ÚÓ ‚Â¯ËÌ‡ ÔËÍ‡ ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ ÁÌ‡-
˜ÂÌË˛ 

 

t

 

0

 

 = 0, ÔÓÎÛ˜ËÏ Á‡ÍÓÌ ‰‚ËÊÂÌËfl Ï‡ÍÒËÏÛÏ‡
ÔËÍ‡:

(5)

˜ÚÓ ÔÓÁ‚ÓÎflÂÚ ÔÂÂÔËÒ‡Ú¸ Û‡‚ÌÂÌËÂ (4) ‚ ÒÎÂ‰Û˛-
˘ÂÏ ‚Ë‰Â:
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í‡ÍËÏ Ó·‡ÁÓÏ, Ù‡ÍÚË˜ÂÒÍË ÍÓÎÓÌÍ‡ ‰ÂÎËÚÒfl Ì‡ n
˜‡ÒÚÂÈ Ë ‚ Í‡Ê‰ÓÈ ËÁ ˝ÚËı ˜‡ÒÚÂÈ ‰ËÒÔÂÒËfl ÔËÍ‡
‡ÒÒ˜ËÚ˚‚‡ÂÚÒfl ÔÓ ÙÓÏÛÎ‡Ï ËÁÓÍ‡ÚË˜ÂÒÍÓ„Ó
ÂÊËÏ‡, ‚˚‚Â‰ÂÌÌ˚Ï ‚ ‡·ÓÚÂ [5]. ÑÎfl Û˜ÂÚ‡ ‚ÎË-
flÌËfl „‡‰ËÂÌÚÌÓ„Ó ÂÊËÏ‡ Ì‡ ÙÓÏÛÎÛ ‡Ò˜ÂÚ‡
‰ËÒÔÂÒËË ÓÒÚ‡ÎÓÒ¸ ÔËÏÂÌËÚ¸ ÙÓÏÛÎÛ (6) Í ÔÓ-
ËÁ‚ÓÎ¸ÌÓÏÛ k-ÏÛ ¯‡„Û ‚ ÒÛÏÏÂ (7):

(8)

ÓÚÍÛ‰‡ ÒÎÂ‰ÛÂÚ, ˜ÚÓ ÙÓÏÛÎ‡ (7) ÏÓÊÂÚ ·˚Ú¸ ÔÂ-
Ó·‡ÁÓ‚‡Ì‡ Í ‚Ë‰Û:

(9)

Ë, ‚ÓÁ‚‡˘‡flÒ¸ Ó·‡ÚÌÓ Í ËÌÚÂ„‡Î¸ÌÓÏÛ ÔÂ‰-
ÒÚ‡‚ÎÂÌË˛, ÔÓÎÛ˜ËÏ ÓÍÓÌ˜‡ÚÂÎ¸ÌÛ˛ ËÌÚÂ„‡Î¸-
ÌÛ˛ ÙÓÏÛÎÛ:

(10)

„‰Â ξ – ÚÂÍÛ˘ÂÂ ‚ÂÏfl, ‡ V(ξ) – ÒÍÓÓÒÚ¸ ‚Â¯ËÌ˚
ÔËÍ‡ ‚ ÏÓÏÂÌÚ ‚ÂÏÂÌË ξ. ì˜ËÚ˚‚‡fl, ˜ÚÓ ËÁÏÂÌÂ-
ÌËÂ ÒÍÓÓÒÚË ÔËÍ‡ Á‡‚ËÒËÚ (‚ ‰‡ÌÌÓÈ ‡·ÓÚÂ)
ÚÓÎ¸ÍÓ ÓÚ ÒÓÒÚ‡‚‡ ˝Î˛ÂÌÚ‡, ÓÔÂ‰ÂÎfl˛˘Â„Ó ‚ Ì‡-
˜‡ÎÂ ÍÓÎÓÌÍË ÍÓ˝ÙÙËˆËÂÌÚ ‡ÒÔÂ‰ÂÎÂÌËfl Γ(t), Ë
ÚÓ, ˜ÚÓ ËÁÏÂÌÂÌËfl ‰‚ËÊÛÚÒfl ‚‰ÓÎ¸ ÍÓÎÓÌÍË ÒÓ
ÒÍÓÓÒÚ¸˛ VF , ËÏÂÂÏ:
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ÌË˛ ÇÓÎ¸ÚÂ‡ [7] ÓÚÌÓÒËÚÂÎ¸ÌÓ ÙÛÌÍˆËË l = l(t),
Â„Ó Â¯ÂÌËÂ ÛÒÚÓÈ˜Ë‚Ó Ë ÏÓÊÂÚ ·˚Ú¸ ÔÓÒÚÓÂÌÓ
˜ËÒÎÂÌÌÓ Ì‡ ÍÓÏÔ¸˛ÚÂÂ.
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àÒÔÓÎ¸ÁÛfl ÚÂÓË˛ ıÓÏ‡ÚÓ„‡ÙËË, ‡Á‚ËÚÛ˛
‚ ‡·ÓÚÂ [6], Ë ÔÓÎÛ˜ÂÌÌ˚Â ‚˚¯Â ÔÓÔ‡‚ÍË (10),
ÏÓÊÌÓ ‚˚ÔËÒ‡Ú¸ ÙÓÏÛÎ˚ ‰Îfl ‡ÏÔÎËÚÛ‰˚ C(l, t) Ë
‰ËÒÔÂÒËË σ(l, t) ÔËÍ‡ ÔÓ·˚ ‚ Éùàï: 

(13)

„‰Â M – ÍÓÎË˜ÂÒÚ‚Ó ÍÓÏÔÓÌÂÌÚ‡ ÔÓ·˚; W – ‡Ò-
ıÓ‰ ˝Î˛ÂÌÚ‡; t(l) – ÙÛÌÍˆËfl, Ó·‡ÚÌ‡fl Í l(t); σ –
‰ËÒÔÂÒËfl ÔËÍ‡ ÔÓ·˚, σ = σs + σl; σs – ‰ËÒÔÂÒËfl
‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ÍÓÏÔÓÌÂÌÚ‡ ÔÓ·˚ Ò ÒÓ·ÂÌÚÓÏ,

σs = ; σl – ÔÓ‰ÓÎ¸Ì‡fl ‰ËÒÔÂÒËfl

ÔËÍ‡, σl = ; Ψ = (1 + Γ) – 1; θ –

ı‡‡ÍÚÂÌÓÂ ‚ÂÏfl ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëfl ÔÓ·˚ Ò ÒÓ-
·ÂÌÚÓÏ; Dl – ÍÓ˝ÙÙËˆËÂÌÚ ÔÓ‰ÓÎ¸ÌÓÈ ‰ËÙÙÛÁËË
ËÓÌÓ‚ ÔÓ·˚; ÔÓ‰˚ÌÚÂ„‡Î¸Ì˚Â ÙÛÌÍˆËË Ψ, Γ, θ,

Dl ‚˚˜ËÒÎfl˛ÚÒfl ‚ ÚÓ˜ÍÂ ξ – , ÙÛÌÍˆËfl Ψ ‚ÌÂ

ËÌÚÂ„‡Î‡ ‚˚˜ËÒÎflÂÚÒfl ‚ ÚÓ˜ÍÂ t – ; L – ‰ÎËÌ‡

ÍÓÎÓÌÍË. Ç ÍÓÌˆÂÌÚËÓ‚‡ÌÌ˚ı ˝Î˛ÂÌÚ‡ı ÒÍÓ-
ÓÒÚ¸ ‰‚ËÊÂÌËfl ÙÓÌÚ‡ ‚‡Ë‡ˆËÈ ÍÓÌˆÂÌÚ‡ˆËË
˝Î˛ÂÌÚ‡ VF ·ÎËÁÍ‡ Í V0, ÔË ˝ÚÓÏ Ψ = Γ. 

íÂÓÂÚË˜ÂÒÍË ‚ÓÁÏÓÊÂÌ Â˘Â Ó‰ËÌ ÔÂ‰ÂÎ¸Ì˚È
ÒÎÛ˜‡È, ÍÓ„‰‡ Ò‚ÓÈÒÚ‚‡ ˝Î˛ÂÌÚ‡ ËÁÏÂÌfl˛ÚÒfl Ó‰-
ÌÓ‚ÂÏÂÌÌÓ ‚‰ÓÎ¸ ‚ÒÂÈ ÍÓÎÓÌÍË (Ì‡ÔËÏÂ, Ò ÔÓ-
ÏÓ˘¸˛ Ì‡„Â‚‡), ÚÓ„‰‡ ÒÍÓÓÒÚ¸ VF ‡‚Ì‡ ·ÂÒÍÓ-
ÌÂ˜ÌÓÒÚË, ‡ Ψ = Γ + 1. 

ì˜ËÚ˚‚‡fl, ˜ÚÓ ‚ ‚˚ÒÓÍÓ˝ÙÙÂÍÚË‚ÌÓÈ ıÓÏ‡-

ÚÓ„‡ÙËË Γ � 1, ‡ ÙÛÌÍˆËfl e   ÒÎ‡·Ó ÏÂÌflÂÚÒfl

ÔË ËÁÏÂÌÂÌËË Γ, ÔÓÎÛ˜Ë:

C l t,( ) M

W πσ t t( )( )
------------------------------ t l( ) t–( )2

σ t l( )( )
-----------------------– ,exp=

Ψ2 4θΓ
1 Γ+( )Ψ2

------------------------- ξd
0

t∫
Ψ2 4Dl 1 Γ+( )

V0
2Ψ2

--------------------------- td
0

t∫
VF

V0
------

x ξ( )
VF

-----------

L
VF

------

=
def θ

Γ
---

(14)

îÓÏÛÎ˚ (14) ÔÓÁ‚ÓÎfl˛Ú ÒÛ˘ÂÒÚ‚ÂÌÌÓ ÔÓ‚˚ÒËÚ¸
ÚÓ˜ÌÓÒÚ¸ ˜ËÒÎÂÌÌÓ„Ó ‡Ò˜ÂÚ‡ ¯ËËÌ˚ ıÓÏ‡ÚÓ-
„‡ÙË˜ÂÒÍËı ÔËÍÓ‚ Á‡ Ò˜ÂÚ ‚˚ÌÓÒ‡ ·˚ÒÚÓÏÂÌfl˛-
˘Â„ÓÒfl ÏÌÓÊËÚÂÎfl Γ Á‡ ÁÌ‡Í ËÌÚÂ„‡Î‡, ‡ ÔË e ≈
≈ const, Dl ≈ const Ë ‚Ó‚ÒÂ ÓÚÍ‡Á‡Ú¸Òfl ÓÚ ËÌÚÂ„ËÓ-
‚‡ÌËfl Ë ËÒÔÓÎ¸ÁÓ‚‡Ú¸ ÔÓÒÚ˚Â ‡Ì‡ÎËÚË˜ÂÒÍËÂ
ÙÓÏÛÎ˚:

(15)

„‰Â ‚ÂÎË˜ËÌ‡ Γ ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ Ô‡‡ÏÂÚ‡Ï ˝Î˛ÂÌ-
Ú‡ ‚ ÏÓÏÂÌÚ ‚˚ıÓ‰‡ ÔËÍ‡ ËÁ ÍÓÎÓÌÍË.

éÚÏÂÚËÏ ÒÓ‚Ô‡‰ÂÌËÂ ÙÓÏÛÎ (15) Ò ‡Ì‡ÎÓ„Ë˜-
Ì˚ÏË ÙÓÏÛÎ‡ÏË (5) ‡·ÓÚ˚ [5], ‚˚‚Â‰ÂÌÌ˚ÏË ‰Îfl
Ó·˚˜ÌÓ„Ó ËÁÓÍ‡ÚË˜ÂÒÍÓ„Ó ÂÊËÏ‡ ËÓÌÌÓÈ ıÓÏ‡-

ÚÓ„‡ÙËË, ‚ÂÎË˜ËÌ‡  ÔË ˝ÚÓÏ Á‡ÏÂÌflÂÚÒfl Ì‡

tËÁÓÍ‡Ú – ‚ÂÏfl ÔÓıÓÊ‰ÂÌËfl ÚÓ„Ó ÊÂ ÔËÍ‡ ˜ÂÂÁ
ÍÓÎÓÌÍÛ Ò “ÙËÍÒËÓ‚‡ÌÌ˚Ï” ˝Î˛ÂÌÚÓÏ. êÂ‡Î¸ÌÓÂ
‚ÂÏfl ‚˚ıÓ‰‡ ıÓÏ‡ÚÓ„‡ÙË˜ÂÒÍËı ÔËÍÓ‚ ‚ Éùàï,
ÍÓÌÂ˜ÌÓ, ÌÂ ÒÓ‚Ô‡‰‡ÂÚ Ò ‚ÂÏÂÌÂÏ tËÁÓÍ‡Ú. à ËÏÂÌÌÓ
˝ÚÓ ÌÂÒÓ‚Ô‡‰ÂÌËÂ ‚ÂÏÂÌ ÔÓÁ‚ÓÎflÂÚ ËÒÔÓÎ¸ÁÓ‚‡Ú¸
ÏÂÚÓ‰ Éùàï ‰Îfl ‡Á‰ÂÎÂÌËfl ıÓÏ‡ÚÓ„‡ÙË˜Â-
ÒÍËı ÔËÍÓ‚, ÔÎÓıÓ ‡Á‰ÂÎÂÌÌ˚ı ‚ ËÁÓÍ‡ÚË˜ÂÒÍÓÏ
ÂÊËÏÂ. 

äËÚÂËÈ ‡Á‰ÂÎÂÌËfl Rij ‰‚Ûı ·ÎËÁÍËı ÔËÍÓ‚ i,
j ÓÔÂ‰ÂÎflÂÚÒfl ÙÓÏÛÎÓÈ [8]:

(16)

„‰Â ti, tj – ‚ÂÏÂÌ‡ ‚˚ıÓ‰‡ ÔËÍÓ‚ i, j, ‡ τi, τj – ÒÓÓÚ-
‚ÂÚÒÚ‚Û˛˘ËÂ ÔÓÎÛ¯ËËÌ˚ ÔËÍÓ‚. èË ·ÓÎ¸¯ÓÈ
‡ÁÌËˆÂ ‚˚ÒÓÚ ÔËÍÓ‚ hi, hj ÙÓÏÛÎ‡ (16) ÌÂÒÍÓÎ¸-
ÍÓ ÛÒÎÓÊÌflÂÚÒfl, ÌÓ ÒÛÚ¸ ÂÂ ÓÒÚ‡ÂÚÒfl ÔÂÊÌÂÈ: 

(17)

σs Ψ2 4θΓ
1 Γ+( )Ψ2

------------------------- ξ  =d

0

t

∫=

=  Γi
2 4eΓ2

1 Γ+( )Γ2
------------------------1 Γ+

V0
------------ ld

0

L

∫ 4
Γ2

V0
------ e l,d

0

L

∫=

σl Ψ2 4Dl 1 Γ+( )

V0
2Ψ2

--------------------------- t  =d

0

t

∫=

=  Γ2 4Dl 1 Γ+( )

V0
2Γ2

---------------------------1 Γ+
V0

------------ ld

0

L

∫ 4Γ2

V0
3

--------- Dl l.d

0

L

∫≈

σs 4θΓ L
V0
------, σl 4DlΓ

2 L

V0
3

------,≈ ≈

Γ L
V0
------

Rij

ti t j–
τi τ j+
---------------,=

R ji Rij≠
ti t j–

τi kijτ j+
--------------------, kij 1

hi/h j( )ln
2ln

---------------------– .= =

í‡·ÎËˆ‡ 1.  è‡‡ÏÂÚ˚ ÔËÍÓ‚ ‡Ò˜ÂÚÌÓÈ ıÓÏ‡ÚÓ„‡Ï-
Ï˚ ËÒ. 2 (Éùàï, x – ÒËÎ‡ ̋ Î˛ÂÌÚ‡ ‚ ÏÓÏÂÌÚ ‚˚ıÓ‰‡ ÒÓ-
ÓÚ‚ÂÚÒÚ‚Û˛˘Â„Ó ÔËÍ‡)

èËÍ tR, ÏËÌ òËËÌ‡ 
ÔËÍ‡, ÏËÌ ∆t = ti + 1 – ti Ri, i + 1 x

HBr 18.78 0.21 0.80 1.89 –0.020

HNO3 19.58 0.22 5.16 14.29 0.025

H2SO4 24.74 0.15 1.18 3.79 0.24

(COOH)2 25.92 0.17 0.27
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ä ÒÓÊ‡ÎÂÌË˛, ÔÓ‚˚ÒËÚ¸ ÍËÚÂËÈ ‡Á‰ÂÎÂÌËfl ÏÂ-
ÚÓ‰ÓÏ Éùàï Û‰‡ÂÚÒfl ÚÓÎ¸ÍÓ ‰Îfl ‡ÁÌÓÁ‡flÊÂÌ-
Ì˚ı ËÓÌÓ‚. ÑÎfl Ó‰ËÌ‡ÍÓ‚Ó Á‡flÊÂÌÌ˚ı ËÓÌÓ‚ ÌÂ-
ÚÛ‰ÌÓ ‰ÓÍ‡Á‡Ú¸, ˜ÚÓ ‚ÂÎË˜ËÌ‡ |ti – tj | Ú‡ÍÊÂ ‚˚‡-
Ê‡ÂÚÒfl ˜ÂÂÁ tËÁÓÍ‡Ú Ë, ÒÎÂ‰Ó‚‡ÚÂÎ¸ÌÓ, ÍËÚÂËÈ
‡Á‰ÂÎÂÌËfl Rij ·Û‰ÂÚ ÚÂÏ ÊÂ.

åÓ‰ÂÎ¸Ì˚Â ‡Ò˜ÂÚ˚

Ç Í‡˜ÂÒÚ‚Â ˝ÍÒÔÂËÏÂÌÚ‡Î¸ÌÓÈ ‚ÓÁ¸ÏÂÏ ıÓ-
Ï‡ÚÓ„‡ÏÏÛ ËÁ Í‡Ú‡ÎÓ„‡ ÙËÏ˚ “Dionex” [9], ÔÓ-
ÎÛ˜ÂÌÌÛ˛ ÏÂÚÓ‰ÓÏ Éùàï, Ë Ò‡‚ÌËÏ ÂÂ Ò ‡Ò˜ÂÚ-
ÌÓÈ ıÓÏ‡ÚÓ„‡ÏÏÓÈ, ÔÓÎÛ˜ÂÌÌÓÈ Ò ÔÓÏÓ˘¸˛
ÔÓ„‡ÏÏ˚ IonChrom, ÏÓ‰ËÙËˆËÓ‚‡ÌÌÓÈ Ì‡ÏË
‰Îfl ÂÊËÏ‡ Éùàï. èÓ‰Ó·ÌÓ ÔÓˆÂÒÒ ÏÓ‰ÂÎËÓ-
‚‡ÌËfl ˝ÚÓÈ ıÓÏ‡ÚÓ„‡ÏÏ˚ ÓÔËÒ‡Ì Ì‡ÏË ‚ ‡·ÓÚÂ
[7]. Ç ‰‡ÌÌÓÈ ‡·ÓÚÂ ·Û‰ÂÏ ‡ÒÒ˜ËÚ˚‚‡Ú¸ ÚÓÎ¸ÍÓ
˜ÂÚ˚Â ÔËÍ‡: ‰‚‡ Ó‰ÌÓÁ‡fl‰Ì˚ı ËÓÌ‡ (·ÓÏË‰,
ÌËÚ‡Ú) Ë ‰‚‡ ‰‚ÛıÁ‡fl‰Ì˚ı (ÒÛÎ¸Ù‡Ú, ÓÍÒ‡Î‡Ú).
êÂÁÛÎ¸Ú‡Ú˚ ÔÂ‰ÒÚ‡‚ÎÂÌ˚ Ì‡ ËÒ. 2 Ë ‚ Ú‡·Î. 1.
äËÚÂËÈ ‡Á‰ÂÎÂÌËfl Ri, i + 1 Á‰ÂÒ¸ Ë ‚Ó ‚ÒÂı ÔÓÒÎÂ-
‰Û˛˘Ëı Ú‡·ÎËˆ‡ı ‚˚˜ËÒÎflÂÚÒfl ÔÓ ÛÔÓ˘ÂÌÌÓÈ
ÙÓÏÛÎÂ (16), ÔÓÒÍÓÎ¸ÍÛ ‚ ‰‡ÌÌÓÈ ‡·ÓÚÂ Ï˚ ËÒ-
ÒÎÂ‰ÛÂÏ Ó·˘ËÂ Á‡ÍÓÌÓÏÂÌÓÒÚË ıÓÏ‡ÚÓ„‡ÙË-
Ó‚‡ÌËfl, ‡ ÌÂ ÍÓÌÍÂÚÌÓÂ ‡Á‰ÂÎÂÌËÂ ÔËÍÓ‚, ÒËÎ¸-
ÌÓ ÓÚÎË˜‡˛˘ËıÒfl ÔÓ ‚˚ÒÓÚÂ.

É‡‰ËÂÌÚÌ˚È ÂÊËÏ ‚ ‰‡ÌÌÓÏ ÓÔ˚ÚÂ Â‡ÎËÁÛ-
ÂÚÒfl ÔÛÚÂÏ ÒÏÂ¯ÂÌËfl ‰‚Ûı ˝Î˛ÂÌÚÓ‚. èÓÔÓˆËË
ÒÏÂ¯ÂÌËfl ÏÂÌfl˛ÚÒfl ‚Ó ‚ÂÏÂÌË, Í‡Í ÔÓÍ‡Á‡ÌÓ Ì‡
ËÒ. 2. ì ÔÂ‚Ó„Ó ˝Î˛ÂÌÚ‡ pH = 11.7, Û ‚ÚÓÓ„Ó
12.9, ÒËÎ‡ x ÒÛÏÏ‡ÌÓ„Ó ˝Î˛ÂÌÚ‡ ÔË ˝ÚÓÏ ËÁÏÂ-
ÌflÂÚÒfl ÓÚ –0.75 ‰Ó +0.4. àÁ ËÒ. 2 ‚Ë‰ÌÓ, ˜ÚÓ ÔÓ-
„‡ÏÏ‡ IonChrom ‡‰ÂÍ‚‡ÚÌÓ ÏÓ‰ÂÎËÛÂÚ Â‡Î¸-
ÌÛ˛ ıÓÏ‡ÚÓ„‡ÏÏÛ.

ÑÎfl ÔÓ‰Ú‚ÂÊ‰ÂÌËfl ‚˚‚Ó‰Ó‚ ‰‡ÌÌÓÈ ‡·ÓÚ˚ Ó
Á‡‚ËÒËÏÓÒÚË ÍËÚÂËfl Rij ÓÚ ÂÊËÏ‡ Éùàï ÔÓËÁ-
‚Â‰ÂÏ Â˘Â ‰‚‡ ÏÓ‰ÂÎ¸Ì˚ı ‡Ò˜ÂÚ‡ Ì‡ ÚÓÈ ÊÂ ıÓ-

Ï‡ÚÓ„‡ÙË˜ÂÒÍÓÈ ÒËÒÚÂÏÂ, ËÁÏÂÌflfl ÚÓÎ¸ÍÓ Ô‡‡-
ÏÂÚ˚ „‡‰ËÂÌÚÌÓ„Ó ÂÊËÏ‡. ÑÎfl Û‰Ó·ÒÚ‚‡ Ò‡‚ÌÂ-
ÌËfl ÂÁÛÎ¸Ú‡ÚÓ‚ „‡‰ËÂÌÚÌ˚È ÂÊËÏ Ó„‡ÌËÁÛÂÏ
Ú‡Í, ̃ ÚÓ·˚ ÔËÍË ‚ Ó·ÓËı ‡Ò˜ÂÚ‡ı ‚˚ıÓ‰ËÎË ËÁ ÍÓ-
ÎÓÌÍË ÔË Ó‰ËÌ‡ÍÓ‚˚ı ÛÒÎÓ‚Ëflı: x = –0.097, pH =
= 12.38 (ËÒ. 3, 4). Ç ÔÂ‚ÓÏ ‡Ò˜ÂÚÂ ÒËÎ‡ ˝Î˛ÂÌÚ‡
x ËÁÏÂÌflÂÚÒfl ÓÚ –0.75 ‰Ó –0.097, ‚Ó ‚ÚÓÓÏ – ÔÓ-
ÒÚÓflÌÌ‡, x = –0.097. 

êÂÁÛÎ¸Ú‡Ú˚ ‡Ò˜ÂÚÓ‚, ÔÂ‰ÒÚ‡‚ÎÂÌÌ˚Â Ì‡ ËÒ. 3,
4 Ë ‚ Ú‡·Î. 2, 3, ÔÓÁ‚ÓÎfl˛Ú ÍÓÂÍÚÌÓ Ò‡‚ÌËÚ¸
‚ÓÁÏÓÊÌÓÒÚË „‡‰ËÂÌÚÌÓ„Ó Ë ËÁÓÍ‡ÚË˜ÂÒÍÓ„Ó
ÂÊËÏÓ‚ ıÓÏ‡ÚÓ„‡ÙËÓ‚‡ÌËfl ‚ Ó·Î‡ÒÚË ‚˚ÒÓ-
ÍÓ˝ÙÙÂÍÚË‚ÌÓÈ ıÓÏ‡ÚÓ„‡ÙËË (Γi � 1, x < 0).
ë‡‚ÌÂÌËÂ ÂÁÛÎ¸Ú‡ÚÓ‚ Ú‡·Î. 2 Ë 3 ÔÓÍ‡Á˚‚‡ÂÚ,
˜ÚÓ ¯ËËÌ‡ ÔËÍÓ‚ ÔË ‚˚ÒÓÍÓ˝ÙÙÂÍÚË‚ÌÓÏ ıÓ-
Ï‡ÚÓ„‡ÙËÓ‚‡ÌËË ÌÂ Á‡‚ËÒËÚ ÌË ÓÚ ÏÂÚÓ‰‡ ıÓ-
Ï‡ÚÓ„‡ÙËÓ‚‡ÌËfl (ËÁÓÍ‡ÚË˜ÂÒÍËÈ, „‡‰ËÂÌÚ-

0
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èÛ‰ÍÓ‚ÒÍËÈ

Ì˚È), ÌË ÓÚ ÒÔÓÒÓ·‡ Á‡‰‡ÌËfl „‡‰ËÂÌÚ‡, ‡ ÓÔÂ‰Â-
ÎflÂÚÒfl ÚÓÎ¸ÍÓ ÒËÎÓÈ ˝Î˛ÂÌÚ‡ ‚ ÏÓÏÂÌÚ ‚˚ıÓ‰‡
ÔËÍÓ‚. åÂÚÓ‰ÓÏ „‡‰ËÂÌÚÌÓ„Ó ˝Î˛ËÓ‚‡ÌËfl ÌÂ
Û‰‡ÂÚÒfl ‰Ó·ËÚ¸Òfl ÎÛ˜¯Â„Ó ‡ÁÂ¯ÂÌËfl ‰Îfl ÔËÍÓ‚

ËÓÌÓ‚, ËÏÂ˛˘Ëı Ó‰ËÌ‡ÍÓ‚˚È Á‡fl‰, ÌÓ ÔË ‰ÓÎÊ-
ÌÓÏ ‚˚·ÓÂ ÂÊËÏ‡ ÏÓÊÌÓ ÛÎÛ˜¯ËÚ¸ ‡Á‰ÂÎÂÌËÂ
‡ÁÌÓÁ‡fl‰Ì˚ı ÔËÍÓ‚. 

ê‡·ÓÚ‡ ÔÓ‚Ó‰ËÎ‡Ò¸ ÔË ÙËÌ‡ÌÒÓ‚ÓÈ ÔÓ‰‰ÂÊ-
ÍÂ êÓÒÒËÈÒÍÓ„Ó ÙÓÌ‰‡ ÙÛÌ‰‡ÏÂÌÚ‡Î¸Ì˚ı ËÒÒÎÂ‰Ó-
‚‡ÌËÈ (ÍÓ‰ ÔÓÂÍÚ‡ 05–03–32476).
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Sample Peak Width in Gradient Ion Chromatography

A. G. Prudkovskii

Vernadsky Institute of Geochemistry and Analytical Chemistry, Russian Academy of Sciences, 
ul. Kosygina 19, Moscow, 117975 Russia

Abstract—A mathematical model is constructed for calculating peak widths and positions in gradient ion chro-
matography. It is shown that in high performance chromatography, the width of the chromatographic peak is
completely determined by the eluant properties at the moment of peak elution from the column. Model test cal-
culations are presented.

í‡·ÎËˆ‡ 3.  è‡‡ÏÂÚ˚ ÔËÍÓ‚ ‡Ò˜ÂÚÌÓÈ ıÓÏ‡ÚÓ-
„‡ÏÏ˚ Ì‡ ËÒ. 4 (ËÁÓÍ‡ÚË˜ÂÒÍÓÂ ˝Î˛ËÓ‚‡ÌËÂ ÔË
x = –0.097)

èËÍ tR, ÏËÌ òËËÌ‡ 
ÔËÍ‡, ÏËÌ ∆t = ti + 1 – ti Ri, i + 1

HBr 7.83 0.24 1.00 1.89

HNO3 8.83 0.28 13.36 14.23

H2SO4 22.19 0.65 5.95 3.84

(COOH)2 28.14 0.89 

í‡·ÎËˆ‡ 2.  è‡‡ÏÂÚ˚ ÔËÍÓ‚ ‡Ò˜ÂÚÌÓÈ ıÓÏ‡ÚÓ„‡Ï-
Ï˚ ËÒ. 3 (Éùàï, ‚ÒÂ ÔËÍË ‚˚ıÓ‰flÚ ËÁ ÍÓÎÓÌÍË ÔË
x = –0.097)

èËÍ tR, ÏËÌ òËËÌ‡ 
ÔËÍ‡, ÏËÌ ∆t = ti + 1 – ti Ri, i + 1

HBr 15.18 0.24 1.00 1.89
HNO3 16.18 0.28 15.89 16.94
H2SO4 32.07 0.65 5.95 3.84
(COOH)2 38.02 0.89 
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