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A b s t r a e t .  Cresol red was found to be the most  suitable of the six colour pH indicators tested 
for the colorimetry of CO s concentration within the range of 100 to 2000 p.p.m. In  the region 
n e a r  pH 8.2 (corresponding approximately to 300 p.p.m. COs) this indicator is most suitable 
in view of its low unit concentration, although somewhat greater differences in absorbancy 
can be found on changing pH by one unit if an approximately six-fold higher concentration of 
thymol blue is used. For higher concentrations of CO 2 (pH below 7.5) phenol red is most ap- 
propriate. Tropaeolin 000 and aurin (rosolie acid) are not suitable. I t  is more convenient in 
spectrophotometry and colorimctry using filters with narrow spectral ranges to apply any of  
the above indicators in the green-yellow-orange spectral region rather than in blue radiation. 

When the air to be measured is bubbled through a bicarbonate solution, an equilibrium 
between the CO z concentration in the air and pH value is established in less than 10 rain for 
differences in CO 2 concentration from 100 to 400 p.p.m. Partial pressure of C02 and the experi- 
mentally established pH value are related by the altered equation: p l ~ K ~ a -  0.934 logP .  
The values of a at  different temperatures were determined. 

The limiting factor of accuracy of the colorimetric estimation of CO 2 in air 
lies in the precision of determining the pH (~ATSK'2 and SLAVl]~ 1958, SLAViX 
and (~ATSK~" 1965). This precision is particularly important for the colori- 
metric determination of photosynthetic rate where the maximum of a 10 to 
20% difference between CO s concentrations in control air and in air after 
passage through a leaf chamber with the assimilating object is measured. 
Even if it is not attempted in colorimetry to achieve the same accuracy as 
that afforded by modern physical methods (e.g. infra-red analyzers), it is 
necessary to check the principles of measurement, to calibrate the method 
most carefully and to evaluate the results most cautiously, in order not to 
add further sources of error to those inherent in all gazometric methods 
(errors in estimating air flow, leaf area, effect of chamber microclimate etc.). 

The fundamental prerequisite of exact pH measurement by visual and 
especially by objective colorimetry is the selection of the colour indicator. 

* Address: Flemingovo n~m. 2, Praha 6-Dejv ice .  
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A suitable indicator of pH change is characterized by (1) sensitivity, i.e. 
a small change of pH brings about a considerable change in absorbaney in 
the desired widest range, (2) inertness; hence it does not change the pI~ and 
composition of the solution, (3) stability. For objective colorimetry and 
spectrophotometry it must be determined at which wavelengths the absorp- 
tion maxima of the indicator are located, how pronounced they are and 
wh~ther their position changes with the change of pH. 

She accuracy of the determination of (hanges in CO2 concentration in the 
air then depends on the accuracy of converting the observed pH to CO 2 con- 
centration. For this purpose LANGE (1956) uses an equation which was experi- 
mentally arrived at with the aid of two calibration gases for a solution 
of 0.001zq-NaHCO 3 -k 0.099~-KC1 without any admixture of a colour indi- 
cator, viz. 

pH -~ a - -  1.02 logP [1] 

where P is the partial pressure of C02 in the assayed air and a is a temperature- 
dependent coefficient. LI~T~ (1958) and CATSK~ (1960) checked the applic- 
ability and accuracy of the eolorimetric method (using LA~GE'S equation) 
by an infrared analyzer and observed some deviation of data, in particular 
of the marginal values of the range used (0.02--0.1 vol.~/o COs). 

In this paper it is intended to determine the characteristics of applicable 
eolour pH indicators, to achieve the highest possible accuracy in calculating 
CO 2 concentration from measured pH values of the bicarbonate solution 
employed and to find further data on the applicability of the colorimetric 
method of CO S determination, in particular of the response time and stabi- 
lity of the measuring solution. 

Methods 

R e a g e n t s were all from Lachema, Brno, Czechoslovakia, except for 
tropaeolin 000 which was from Gurr, London, Great Britain. 

S t o e k s o 1 u t i o n s of colour pI~ indicators were prepared by dissolv- 
ing 100 mg of each indicator (cresol red, phenol red, thymol blue, bromothymol 
blue, aurin [rosolic acid] and tropaeolin 000) in 96% ethanol and the volume 
made up to 100 ml. The indicators were not neutralized. 

B i c a r b o n a t e  s t o c k  s o l u t i o n :  840.1 mg l~aHCO3 ~- 73.807 g 
KC1 ad 1000 ml water; normality of the solution was checked by titrating 
with hydrochloric acid using methyl yellow. 

B i c a r b o n a t e  m e a s u r i n g  s o l u t i o n :  100 ml (time factor) of 
the stock solution -~ 10 ml indicator mixture (100 mg cresol red ~- 200 nag 
thymol blue in 100 ml 96% ethanol) made up to 1 litre with water. 

T e t r a b o r a t e - b o r i e  a c i d  b u f f e r s  according to ZELLER (1951) 
were used as the basis for measurement. Their pH was checked on a pH-meter. 
A mixture of N~-kCO S served as a g a s  o f  k n o w n  c o m p o s i t i o n  
for calibrating the infrared analyzers from The Infra Red Development Co., 
Ltd. (Welwyn Garden City, Great Britain). 

A p p a r a t u s e s: Recording speetrophotometers Unlearn SP. 700 (Cam- 
bridge, Great Britain) and Beckman DB (FuUerton, Calif., U.S.A. and Munich, 
F.R.G.), Pulfrich's photometer with an Elpho photoelectric attachment 
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(Zeiss, Jena, G.D.R.). Cuvettes with 10 mm optical path were used through- 
out, set against a pure solvent. 

pH-Meters PHM 3ik and PHM 4c of Radiometer (Copenhagen, Denmark) 
with glass electrodes G 100B and G 200B, calibrated with buffers by Cambridge 
Inst.ument Co. Ltd. (London). 

Resuhs and Discussion 

A. S e l e c t i o n  o f  p H  C o l o u r  I n d i c a t o r  

1. Sensitivity of the Indicator 
Spectra of four suitable indicators (of the six tested) are shown in Figs. 1--4 

for the wavelenglh range from 380 to 700 nm, as measured in borate buffers 
of pH 6.52, 7.66, 8.G5, 8.45 and 8.85. ~he (hosen pH values correspond to 
the range of CO 2 concentrations in air, as lhgy may occur during CO s exchange 
measurements. Spectra for aurin (rosolic acid) are not ~h)wn, as the colour 
of solution (hanges rather rapidly (absoibancy increased in its maximum by 
more than 10% within 10 rain). Tropaeolin 000 is also of little value for ob- 
jective colorimetry or spectre I hvtometry, as its absoIbaney maximum shifts 
on increasing pH, from about 475 nm at pH 6.52 to about 510 nm at pH 8.85, 

Table 1 

Sensit ivity of cresol red, phenol red, thymol  blue and bromothymol blue in individual pH ranges. 
For  indicator concentrat ion equal to 10 mg[litre i t  is expressed by the  difference in absorbancy 
(times 10) for l imiting pH of the  given range  of green-yellow.orange and  blue radiation.  
A Beckman DB spectrophotometer ,  cuvette  path  10 ram. 

Indicator  

Cresol red 

P h e n o l r e d  

Thymol blue 

Bromo- 
thymol  blue 

[ Wavelength  i 
of measure- 

1Tlen t ,  

i 
572 
433 

558 
432 

595 
434 

614 

6.52--7.66 

+ 3 4 5  
--120 

+440 
--140 

+ 40 
- -  20 

+ 3 0 5  

7.66--8.05 

+ 2 8 0  
- -  90 

+ 2 5 0  
- -  75 

+ 55 
- -  20 

+ 60 

pH range 

8.05-- 8"45 

+295  
- -  95 

+ 1 7 5  
- -  60 

+ 1 0 5  
- -  40 

+ 35 

8-45--8.85 

+ 1 7 0  
- -  65 

+ 80 
- -  30 

+ 1 6 0  
- -  55 

+ 30 

6.52--8.85 

+1090  
-- 370 

+ 945 
-- 305 

+ 360 
- -  135 

+ 430 

Figs. 1--4.  Spectral curves of absorbancy (ordinate --  A) in the  wavelength range 380--700 n m  
(abscissa) obtained on a Beckman DB speetrophotometer  (cuvette optical pa th  
10turn) for indicator solutions a t  concentrat ions of l0 mg]litre (thymol blue a t  20 rag/ 
]litre) in borate  buffers of pH 6.52 ( . . . .  ), 7.66 ( . . . . .  ), 8.05 ( ), 8.45 ( . . . .  ) 
and 8"85 ( . . . . . . .  ). Fig. 1, Cresol red; Fig. 2, phenol red; Fig. 3, thymol  blue; Fig. 4, 
bromothymol  blue. 
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the absorbancy itself decreasing somewhat at first and rising then at pH 
above 8-45. 

The sensitivity of unit amounts of the individual indicators can be de- 
termined for th~ given pH ranges from the shape of absorbancy curves, as 
well as the suitability of the individual spectral regions for colorimetry. Differ- 
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Fig.  5a. Dependence  o f  absorbancy  at  the  w a v e l e n g t h  o f  the  absorpt ion  m a x i m u m  (ordinate)  
on  the  p H  (abscissa) for un i t  concentra t ion  o f  the  indicator  (10 mg/ l i tre)  in borate  
buffers.  Measured on  a B e c k m a n  D B  spec trop h o to metcr  in a 10 m m  cuvet te .  - -  
cresol  red; - - -  pheno l  red; . . . . .  t h y m o l  blue;  . . . .  b r o m o t h y m o l  blue.  

Fig.  5b. E x t r a p o l a t i o n  of  va lues  f r o m  Fig.  5a to  absorbancy  at  p H  8.2 ~ -  0.5 for the  p H  range  
f r o m  7.9 to  8-5. 

ences in the blue part of the spectrum are less than in the green-yellow-orange 
one for all four indicators (Tab. 1). Less sharp maxima in the blue section could be 
suitable only for colorimetry using filters with a wide spectral transmittancy. 
In addition, the (h~racter of the absorbancy curve changes for all indicators 
at higher pH values, in particular for bromothymol blue. 

It appears without doubt that the very universal cresol red is most suitable 
for all the pH ranges examined and it is most frequently used for measuring 
the intensity of CO 2 exchange in plants. Phenol red (Fig. 2) is most suitable 
for the range from pH 6-5 to 7.7 where bromothymol blue is also applicable 
(Fig. 4), but bromothymol blue is completely useless for higher pH. Thymol 
blue (shown in Fig. 3 at a two-fold higher concentration) produces relatively 
high differences for pH 8.45--8.85. The course of these changes is more ae- 
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curately determined for the same concentration of the indicator when measur- 
ing in the green-yellow-orange absorption maxima (Fig. 5a). 

Heretofore, the reaction of a unit amount of indicator was considered. The 
absorption values and hence the size of their differences increase, however, 
proportionally to indicator concentration. I f  the indicator concentration is 
disregarded, the sensitivity of the reaction is determined by the relative 
changes in absorbancy per unit change of pH regardless of the absolute 
absorbancy value. Fig. 5b indicates changes in absorbancy within the pH 
range of 7-9--8-5 a t  such indicator concentrations as would produce ab- 
sorbancies of 0.5 at pH 8.2, which is an important point for measuring photo- 
synthesis at normal CO 2 concentration in air. Greatest differences and steepest 
increase of absorbaney in dependence on pH are then produced by thymol 
blue at a concentration of 37.3 mg/litre, i.e. almost six times higher than 
cresol red (6-28 mg/litre) or phenol red (6.67 mg/litre). Bromolhymol blue is 
the least sensitive (10.56 mg/litre). This type of indicator selection is important 
for comparative measurements in colorimetry when the change of absorbaney 
is determined with respect to a pre-set standard value, or possibly to the 
amount of CO s in the control air sample. If  the amount of indicator added 
is of no concern, thymol blue would be most suitable. 

2. Inertness and Stability of Indicator 

The stability of indicator colour was examined for 4 weeks. Buffers of two 
different pH values were stained with the four indicators studied, their ab- 
sorbancy was determined on a Pulfrich photometer using a S 57 filter and 
their pH estimated on a pH-meter. The solutions were then divided into 
three parts each, one of them placed in daylight, the second in the dark at 
room temperature and the third in the dark at -[-2 to q-3 ~ C. The pH and 
absorbaney were checked after 6 and 28 days. The minute differences observed 
lay within the range of experimental error and thus the indicators can be 
considered as stable. 

While individual eolour indicators are more suitable for objective eolorimetry 
and spectrophotometry (more pronounced maxima and greater absorbancy 
changes), a-mixture emphasizing the change in colour is more suitable for 
visual colorimetry. I t  goes without saving that in a mixture the colour in- 
dicators used must not chemically interact. This may be determined by 
mixing equal amounts of solutions of the individual indicators: absorbaney 
of the resulting spectrum must correspond to one-half of the sum of absorb- 
ancies for individual solutions throughout. This is borne out for pi t  7.55 and 
8.25 in Fig. 6a, b for a mixture of cresol red and thymol blue suggested by 
OATSK~ and S [ a v ~  (1960). 

B. R a t e  o f  E q u i l i b r a t i o n  a n d  R e v e r s i b i l i t y  o f  
t h e  M e a s u r i n g  S o l u t i o n  

Colorimetry is particularly suitable for serial determinations of C02 con- 
centration in the air. In such cases visual pH indication is usually employed, 
using an indicator mixture when particularly the colour transition is emphas- 
ized rather than changes in colour intensity for which the eye is less sensitive 
and where even small differences in layer thickness can play a role. For 
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Fig. 6a, b. Spectral curves o f  absorbancy (ordinate) for solutions of  cresol red a t  concentra- 
t ions of  10 mg/ l i t re  ( - - - )  and t hymo l  blue a t  20 mg/ l i t re  ( . . . . .  ) in borate ]~ f fers  
and for a solution obtained by their 1 : 1 mixing ( ). Abscissa: wavelength 
in nm. Fig. 6a, pH  7.55; Fig. 6b, pH 8.25. 

est imating-the reversibility of lhe measuring solution and exactifying the 
conversion formula, a mixture of indicators (20 mg thymol blue and 10 mg 
cresol red in 1 litre bicarbonate solution) was lherefore used. As was found 
earlier (~ATSK~ 1960), the add tion of such a small amount of indicator (even 
ff not  neutralized) has a negligible effect on the pH of the bicarbonate solu- 
tion. The established relationships can thus be considered valid even for 
a measuring solution containing a different (low) concentration of  indicator. 

When a gas mixture of known CO s concentration was bubbled through 
15 ml measuring solution containing the indicator mixture (flow rate 5 litres/h), 
a pH-meter  was used for determining the rate of reaching equilibrium (Fig. 7). 
I t  was found that  equilibrium is reliably reached at differences of CO s con- 
centrations smaller than 600--700 p.p.m, after 10 rain (differences of on ly  
100 p.p.m, are commonly encountered in estimating photosynthesis), even 
when the air flow is very slow. At great differences of CO s concentration and 
a low rate of flow equilibrium is attained within 15--23 min. 

In another experiment we measured the at tainment of equilibrium with 
a view to the reversibility of the reaction. In this experiment we selected 
a spectrophotometric determination at the wavelength of highest sensitivity 
of the used indicator mixture, viz. 575 nm. The air was bubbled through 5 m 
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Fig. 7. Equilibration between CO 2 concentration in air (numbers at  individual curves --  p.p.m. 
COs) and the pH of  bicarbonate  so lut ion  (ordinate).  Abscissa:  t ime in mln. 

bicarbonate solution at a constant rate (2 litres/h) directly in a spectrophoto- 
metric euvette at constant temperature (25 ~ C). This determination also bore 
out the sufficient rate of reaching equilibrium even at great differences 
(400 p.p.m.) in CO 2 concentration in the passing air. The results (Fig. 8) point 
to an important source of error during spectrophotometrie or objective eolori- 
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Fig. 8. Absorbancy of  the  b icarbonate  so lut ion wi th  indicator (ordinate) during bubbling with 
air wi th  different concentrat ions  of  CO 2 (numbers at  the  curve  -- p.p.m. COs). Abscissa:  
t ime in rain. 
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metric estimation of COz concentration, namely, evaporation of the measuring 
solution during bubbling with the a i r  sample which alters the indicator con- 
centration (and hence its absorption) as well as the normality of bicarbonate 
solution (and hence pH dependence on CO s concentration). In  visual colori- 
met ry  the first-named error (more important) is negligible, since the eye is 
far m o r e  se~usitive t0 differences in colour quality than in its intensity. Y~m- 
I~USHKI~r (1963, personal eommunieatlbn) recommends, therefore, to place a 
vesselwith KMnO 4 solution in front of the measuring solution to saturate the ana- 
lyzed air with water and to remove impurities which might change the solu- 
tion colour after prolonged bubbling. - . . . . .  

Sometimes the indicator (especially t hymol blue) will concentrate in the 
foam in the upper part  of the cuvette (SEsTXK 1961). This difficulty can be 
removed by adding a grain of paraffin tb the soluVion (K~RPCSHXI~ 1963, 
personal communication). Both errors can be removed by renewing the solu- 
tion after 1--3 h (for details see ~ESTXK, 0ATSK~ et al. 1966). 

C. D e t e r m i n a t i o n  o f  p H  D e p e n d e n c e  o f  
t h e  B i c a r b o n a t e  S o l u t i o n  o n  CO 2 
C o n c e n t r a t i o n  a t  D i f f e r e r ~ t  T e m p e r a t u - r e s  

Fifteen ml bicarbonate solution with an admixture of indicator (20 mg 
thymol blue and -10 mg cresol red in 1 litre solution) were bubbled with a mix- 
ture of N s and CO s of known composition (Fig. 9) at constant temperature 
at  a rate of 30 litres/h and the pH value estimated after reaching equilibrium 
'at t h e  atmospheric pressure of 760 torr. Results of measurements are shown 
in Figs. 10 and 11. 

6 

f 

C 

8 ~ 

Fig. 9. A p p a r a t u s  for measur ing  the  p i t  of  b iearbonato solut ion in equi l ibr ium wi th  pass ing  
air. 1 -- glass vessel wi th  a wate r  jacket,  2 --  b icarbonate  solution, 3 --  s inter ,  4 
inlot of air, 5 -- pH-motor  electrodes, 6 -- the rmometer ,  7 -- polyethylene  foil, 8, 9 -- 
inflow and  outflow of  wate r  a t  the u l t r a the rmos ta t .  
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Fig. 10. Dependence of the pI-I value of bicarbonate solution with indicator (20 mg thymol  
blue and 10 mg cresol red in 1000 ml) on partial pressure of CO 2 in air with which the 
solution is in equilibrium, at diflbrent temperatures. Abscissa: pH, ordinate: -- log P .  
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Fig. 11. Dependence of the pH value of the bicarbonate solution with indicator on temperature 
of the solution at different concentrations of CO~ in air with which the solution was  
in equilibrium. Abscissa: temperature in ~ ordinate: pH. 
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T h e  o b s e r v e d  r e l a t i o n s h i p  m a k e s  poss ib le  a n e w  e q u a t i o n  a n d  v a l u e s  of  t h e  
coef f ic ien t  a. (The p rocedu re  a n d  g r aph i ca l  r e p r e s e n t a t i o n  a re  i d e n t i c a l  w i t h  
those  in  LA~G~,'S p a p e r  (1956). 

I t  ho lds  g e n e r a l l y  t h a t  
n log P = a - -  p H ,  [2] 

o 
5,oo 

495 

~,9o 

~85 

4,80 

~,75 

4 , 7 0  

/ 
/ 

/ 
/ 

/ 

1 0  15  2 0  2 5  3 0  3,5 ~ 

Fig. 12. Values of coefficient a at different temperatures. Abscissa: temperature in ~ ordin- 
ate: a. 

~8 

15 
- - I 0  

8 ,0  ~ - 

~ 8 - - - - -  

7 , 6  - - -  ~ . . . . . .  

Fig. 13. Dependence of pH of th~ bicarbonate solution with indicator (ordinate) on CO s cony 
eentration in air (rag CO~/litre -- abscissa) with which the solution was in equilibrium, 
a t  different temperatures (numbers at the individual curves). 
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where P is th~ partial pressure of CO 2 in air with which the bicarbonate solu- 
tion is in equilibrium, n is a factor and a a temperature-dependent coefficient. 
The factor n can be determined from the slope of experimentally determined 
curves in Fig. 10 as the reciprocal value of the tangent of the angle bound 
b y  the curve and the abscissa. The value of a and dependence on temperature 
are readily computed from Fig. 10 or 11 (cf. Fig. 12). In this manner the 
following equation was derived: 

0.934 log P ----- a - -  p H  [3] 
and hence 

pH -~ a - -  0.934 log P [4] 

From this equation the dependence of CO 2 concentration (in mg COJlitre 
air) on the pH of the bicarbonate solution was calculated for different tem- 
peratures (Fig. 13). For practical purposes a conversion table was constructed 
(~ESTAK, ~ATSKY et ah 1966). 

The absolute accuracy of the conversion equation (4) is determined by  the 
absolute accuracy of the pH-meter  and the standard mixture of nitrogen and 
carbon dioxide used. The absolute accuracy of modern pH-meters is usually 
0.02 pH, even if the relative accuracy may be greater. This corresponds to 
an error of C02 determination amounting to c. =k 5%. The accuracy of 
composition of  N 2 -k C02 mixtures supplied by  The Infra Red Development 
Co. is Jr 5%. For this reason, 6 mixtures of different CO 2 concentrations 
were used for determining the new equation so as to reduce the second-named 
error to a minimum. On the other hand, however, it must be borne in mind 
that  in measuring photosynthetic rate small differences in absolute values 
are negligible, since they compensate each other to a certain extent  in calculat- 
ing the differences in CO 2 concentrations in the air before and after passage 
through the leaf chamber. Even the differences in photosynthetic rate between 
that  computed from Lange's equation and from ours amount only to several 
per cent as a rule, although in absolute terms the equations differ markedly. 
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J .  ~ATSKr Z. ~ESTAX, l ) s t av  experimentAlni bo tan iky  ~SAV, l~raha: Vhodn~ indikfitory 
a upravenfi empiriekfi rovniee pro v~po~et koneentraee C0~ pH kolorimetrlek~m stanoveni in- 
tenzity fotosyntSzy. - -  Biol. Plant .  8 : 60--72, 1966. 

Zo w vyzkou~on~ch barevn:~ch indikAtorfl pH jo pro kolorimetrick6 m6~oni koncentrace  
CO, v rozmozl 100 a~. 2000 p.p.m, nejvhodn~j~i kresolovA 5ervofi. V oblasti  okolo pH 8,2 (odpo- 
vidajici cca 300 p.p.m. CO~) je tento  indikAtor nejvhodn~jw s ohledem na  malou jodnotkovou 
koncentraci ,  i kdy~i pon~kud vyw167 rozdily oxtinkco s jednotkovou zm~nou p i t  ziskAmo pou~itfin 
e ta  w koncentraco thymolov6 mod~i. Pro vyw167 koncentraco CO~ (pH ni~w ne~. 7,5) 
jo nejlep~i fenolovK 5ervefi. Novhodn6 jsou tropaeolin 000 a aurin (kyselina rosolovK). Pro 
spoktrofotometri i  a kolorimetrii s filtry fizk~ch spoktrhlnich rozsahfi jq vs~hodnifj~ti m ~ i t  so 
vfiemi doporu6en~'mi indikAtory v oblasti  zeleno~.lutooran~ov6ho zA~oni no~. v oblasti  modr6. 

P i i  probubl~vhni  bikarbon~tov6ho roztoku m~ens}m vzduchem so ustavujo rovnov~ha mezi 
koncontraci  CO, ve vzduchu a hodnotou p i t  p~i zm~nhch koncentraco CO2 100 a~ 400 p.p.m. 
po m6n~ no~. deseti minutAch. Pro vztah mezi parcihlnim tlakem CO, a experimentAlnfi zjiw 
hodnotou p i t  byla zm~nfina p~opo6tov& rovniee: p i t  ~ a --  0,934 log P a byly zji~tfiny hodnoty  
kons tan ty  a p~i rflzn~ch teplotgmh. 

I/I. LIATcI(n, 3.  IIIECTAI~, I/IHcTHTyT algcliepi4MettTa~lbHOfi 5oTanni;i~ t ICAH,  H p a r a :  
IIo;~xo~l~mne mi~rx~aTcpb~ H npcegpaaoBannoe aMnnpmmcgoe ypaRHenne ;~a~ pacqeTa gOU- 
ilenTpaHHH C0 2 npH Ko~Ol0nMe~pnqec~oM onpe~leaenHH HHTeHCHBHOCTH ~OTOCHHTe3a. - -  
Biol .  P l a n t .  8 : 6 0 - - 7 2 ,  t966.  

1/13 IIieCTII I4cnhtTa~nh[x IIEeTHh[X ~n~irl~aTopoB pH ~n~ ROJ]OpHMeTpHqecKoFo o n p e ~ e n e n ~  
ROHIIeHTpaIIHH CO 20T t00  ~0 2000 p .p .m.  CaMUM nO~IXO~mHM 0tr l~pe30aovuI~ 
KpacH~fi. B 06aacTi~ mr pH 8,2 (COOT~eTCTByeT np~6aHaHTeJibHO 300 p .p .m.  C02) 
3TOT HH2IHtfaTop ~B~ZleTC~ JiyqmI4M no tlH3I~OI~ e ~ n u ~ n o f i  nonI~enTpa~lytn, XOTg neMHoro 
6onee ~aco~ym paanHI/y B 3i(cwHnnI~1414 npI4 I~3MeHeHHH pH na  e ;~nH~y no~yu~M npH~e~n~ 
mecw~npaTnym ~on~enwpat~m TnMO~O~oro c~ncro.  ~ n  6oaee s~aco~c~x ~r 
CO, (pH ~ m e  7,5) ~Iymn~M ~l~xl~ewcn qbeHo~loBta~l ~r H e n o ~ x o ; ~ u m ~  n~inmTCg 
Tponeon~n 000 ~ ayp~H (pocoao~au n~('~owa). Ylp~ cne~TpOqbOTOMeWp~rr n ~o~opHMeTpHH 
C (~n~],TpaMI~ y3](Hx cne~Tpa~bnMx o6aacTefi 6o:~ee ~aro~nraM HBa]HCTC~ I43Mepcnrle CO 
BCeMH peI~oMeni~oeann~aMH ~n~InnaTopaMn B 06aaCTH ae~enomeaToopanmenoro naay~eH~g, 
,~e~ s c~Hefi oSJ]acwn. 

I Ip~ n p o ; ~ y B a ~  5 ~ a p 5 o n a w n o r o  pacTnopa ~aMepneM~M B0a;[yxoM paBnoBec~e Meh'c2iy 
~onaenTpaa~ef i  CO~ B noa~yxe n aHaqen~eM pH np~  n3MenenH~x ~r CO~ OT 
i00  ;~o 400 p. p. m.  ycTanaenneaeTc~ noc~e Menee tleM /leC~lTII M~HyT. ~ n a  OTHOmeHH~ 
Mem~ly naptI~anbm,~M ~aenenncM CO 2 n 3ir HO onpe,~e.~ennhrM 3na~enHeM pH 
6~ano npeo6paao~ano pac~eTnoe ypavnen~e  : pH = a -  0,934 log P H 6r~a~ onpe ; le~ea~  
aHa'~eHHa nocToHnnoI~ a )IJIn pa3HbIX TeMnepaTyp. 


