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Abstract: The object of this study was to compare the resuiittained with four methods of determination of
cation exchange capacity (CEC) and sum of exchégeations (Ca, Mg, K) in soils. One of these rodthis
Kappen’'s method and the others methods are basdifferent extracting reagents: sodium acetate £p812),
barium chloride and hexaamminecobalt(lll) chloridé/alues measured with barium ions and
hexaamminecobalt(lll) ions as index cations are/ wEmparable and these two methods can be condidere
equivalent. Kappen's method gives overestimatedltgsespecially for acid soils reach in organictteraand
very calcareous soils. Sodium acetate, bufferimgpH of the extracting solution, causes increaseuafibers of
negatively charged sites and particularly thosediedrto organic matter and for this reason valugaiéd with
this method are overestimated. Nevertheless, possible to correct this error for a given soil p&nby
regression equation considering pH of soil, clag arganic carbon content.
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Introduction

The cation exchange capacity (CEC) and sum of exggwble cations are an essential
measurements in agronomy and soil science to dstitha physicochemical state of a saill,
which may be a good indicator of soil quality andductivity. The cation exchange
capacity (CEC) of a soil is a measure of the qtyamti negatively charged sites on soil
surfaces that can retain positively charged ioatidns) by electrostatic forces. Soil CEC is
expressed in units of charge per weight of soildi¢m) kg™ or mmol(+) kg® - centimoles
or milimoles of charge per kilogram of dry soil)oiSnegative charges are the result of
isomorphic substitutions in phyllosilicate strugsir non-compensated bonds at the edges of
reticular plans or dissociation of functional greupOH, -COOH). These charges can be
divided into permanent or fixed charges, which maependent of the pH and variable
charges, which depend closely on the pH. The catietained electrostatically are easily
exchangeable with other cations in the soil soluttmd are readily available for plant
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uptake. Thus, CEC is important for maintaining ageq quantities of plant available
calcium (C&"), magnesium (M) and potassium (R in soils. Under acid conditions
(pH < 5.5), aluminum (AT may also be present as an exchangeable cation.

Numerous methods are proposed to measure the atadrange capacity (CEC) and
sum of exchangeable cations in soils and manygii# quite different results [1-5]. For all
methods the first stage involved the saturatiothefsoil sample with an index cation. The
results mainly depend upon the nature of this patille pH of extraction solution and the
initial soil pH. The cation exchange capacity camygreatly in soils rich in organic matter
[6, 7], iron and aluminum hydrous oxides and katiinclays [8] with predominantly
variable charges. These charges depend upon tlghkbnic strength of the reagent used.
Most of methods for determination cation exchanggacity imply that the cations
extracted were exchangeable. In fact, some elemeats be released from non-
exchangeable sources, for instance calcium frosotlison of calcium carbonate. For this
reason, the results of cation exchange capacitgrméiation in calcareous soils may be
significantly overestimated [4, 9-12]. The methadsed can be grouped in four main
categories: determination of CEC by summation aheaxgeable cations; measurement of
CEC at the soil pH (effective CEC measurement of CEC at a given buffered pH;
measurement of CEC at the pH for which the chasgeero (zero point charge (ZPC) or
pHo).

The determination by summation CEGs an estimate based on content of
exchangeable &5 Mg®* and K, which may be evaluation of the proportion andireof
the available elements in soil. However, if soil p#l < 5.5, significant quantities of
exchangeable Al may be present but not able to be accurately measwith used
extractants, causing an underestimate of the CBQVErcome this, exchangeable acidity
must be included in CEC. If soil pH is > 7.5 ortlie soil has been recently limed this
method gives overestimated results. Either the atktising ammonium acetate at pH 7 or
a method using an unbuffered solution of ammoniunforide. In the methods of
measurement of CEC at the soil pH, the soil isragdd with an index cation. The exchange
is carried out at a pH near the soil pH. After éation of excess index cation with
a diluted solution of the same ion, this cationmisved from soil by another cation. The
determination of the moved cation concentratiorextract enables determination of the
CEC. In one of these methods [13, 14] the exchdrgeaations are extracted with
a not-buffered barium chloride solution. The exaeable cations (Al, F&¢*, C&*, Mg,
Mn%, K* and N&) can be determined in the extract. The soil residuextracted with
a magnesium sulfate solution. The Mins move the exchanged Baons and BaSQ
precipitates in the medium maintained at an iotriength near that of the soil solution. The
difference between the added ¥gnd the M§" which remains in solution gives the CEC.
Magnesium concentration is determined by atomicoigdi®n spectrometry (AAS) or
inductively coupled plasma atomic emission specttoyn (ICP-AES). Alternative
procedure uses of hexaamminecobalt(lll) (Cohexpnas saturation cation [1, 15, 16]. In
this procedure the soil is saturated by the hexamsuubalt(lll) cation Co(NK)s>".
Exchangeable Af, F&*, C&*, Mg*, Mn?*, K* and N4 cations are determined directly in
extract. The CEC is calculated by the differencéwben the initial quantity and the
guantity remaining in solution. The calculated atisd Cohex ions correspond to the soil
CEC in not-buffered medium at soil pH. Cobalt cantcation is determined by inductively
coupled plasma atomic emission spectrometry (ICB)AEhe determination of CEC of the
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soil at constant pH is used with mono- or divaleations at different pH. In buffered
medium, variations due to the soil pH are elimidateut if the buffered pH is higher than
the soil pH, they are likely to create negativergbka on clay minerals and organic matter
by dissociation of weak acid groups. The resuksthen overestimated, particularly in acid
soils with variable charge. The most commonly usedhods are: the ammonium acetate
method at pH 7.0 [9, 17, 18] and sodium acetatédoaeat pH 8.2 [4, 19]. In ammonium
acetate method, the soil is saturated by the ammoion in a buffered medium at pH 7.0.
The content of exchangeable cations is determinezktract by flame photometry, atomic
absorption or ICP spectrometry. The excess of amunoipn is eliminated by a solvent
(ethanol) and subsequently the ammonium ion is chdyethe potassium or sodium ion. To
measure the CEC ammonium can be titrated by distii and volumetric analysis or
automated spectrocolorimetry. In sodium acetatédatktsodium is saturated cation and is
moved by ammonium cation. The CEC is calculatetherbasis of concentration of sodium
ion in extract. In order to estimate the CEC i® gdeoposed the use of instrumental methods
[20], artificial neural network [21] and geostaitisi methods [22].

The object of this study was to compare the reslitgined with four methods of
determination of cation exchange capacity (CEC) smoh of exchangeable cations (Ca,
Mg, K) in soils. Two of these methods are analytipaocedures published by the
International Organization for Standardization: 1SZ8470:2007(E) [15] and ISO
11260:1994(E) [14] methods. The one method is pepdy US Environmental Protection
Agency: US EPA 9081 Method [19] and last is traxiitil Kappen’s method [23].

Materials and methods

Thirty samples from different genetic horizons (achluvic, argillic, cambic and
horizons of parent rock) of the five soil profiléfour Stagnic Luvisols, one Eutric
Cambisol), located on Siedlce Upland, were studsedl. samples were air-dried and passed
through a 2 mm sieve before being analyzed. Basjsipochemical properties of the soils
were determined: granulometric composition by a@toie method; pH by potentiometric
method; total carbon content on the CHNS/O 2400amalyzer (Perkin Elmer, Waltham,
USA); organic carbon content by oxidation-titratiorethod [8]. Inorganic carbon content
was calculated on the basis of the difference betwihe total carbon and organic carbon
content. These properties are listed in Table 1.

Table 1
Basic physicochemical properties of the soils usdtie studies
Property Clay pHkcl PHH20 Ciotal Corg Cinorg
Unit (%] - - [okg] o kg lokg
Mean 20.3 - - 24.3 2.45 21.8
Range 2-40 4.11-7.75 5.21 0.86-101/3 0.58-9.28 ®-10
Std. Dev. 9.97 - - 37.3 2.39 37.9

The hexaamminecobalt(lll) chloride method

The sample of air-dried soil (2.5, 5 or 10 g; depeg on the expected CEC) was
weighted and transferred to a tightly stoppereggtbllene centrifuge tube of about 50°cm
capacity. Then 50 cirof 0.0166 mol dif hexaamminecobalt(lll) chloride solution was
added to the soil and was shaken on the rotaryestiak 1 h. After this time the tubes were
balanced and centrifuged at 3000 g for 10 min. ddi@alt concentration and exchangeable
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cation contents (Af, F&*, C&*, Mg®, Mn**, K" and N4) in extract were determined by
ICP-AES on Optima 3200RL (Perkin Elmer, Waltham,AYSpectrometer. The working
parameters of the apparatus were: RF power - 1300pMsma argon flow rate -
15 dn? min™, auxiliary argon flow rate - 0.5 dhmin™, nebuliser argon flow rate -
0.8 dni min™, sample flow rate - 1.5 ¢chmin™, integration time - 10 s. The analytical
wavelengths were: K - 766.490 nm; Ca - 317.933 Mign;- 285.213 nm; Na - 330.237 nm;
Fe - 238.204 nm; Al - 394.401 nm; Mn - 257.610 o, - 228.616 nm. The CEC was
calculated on the basis of the difference betwagialiconcentration of cobalt in extraction
solution and the quantity remaining in extract.

The barium chloride method

The 2.5 g of sample of air-dried soil was weighttd transferred to a tightly
stoppered polyethylene centrifuge tube of about ¢ capacity. Then 30 ciof
0.1 mol dm? barium chloride solution was added to the soikr&btion was carried out by
1 h on the rotary shaker. The solid and liquid peasere separated by centrifugation at
3000 g for 10 min. This operation was repeated dwénd three supernatants were
transferred to a 100 chvolumetric flask each time. The volumetric flasksafilled up to
the mark with barium chloride. The exchangeabléonatontents (A", F&*, C&*, Mg®,
Mn*, K' and N&) were determined in the extract by ICP-AES (seee Th
hexaamminecobalt(lll) chloride method). After eduihting the soil with 30 cfof
0.0025 mol dit barium chloride solution, the solid phase wasastad overnight with
30 cnt of 0.02 mol dm® magnesium sulfate. The magnesium concentrati@xtiract was
determined by ICP-AES. This concentration was suipdd from initial magnesium
concentration (about 480 mg dhnand the difference gave the CEC value.

The sodium acetate method

The 4 g of medium- or fine-textured soil or 6 gcobrse-textured of air-dried soil was
weighted and transferred to a tightly stopperegqtbllene centrifuge tube of about 50°cm
capacity. Then 33 cirof 1 mol dm?® sodium acetate solution was added to the soil and
suspension was shaken in a mechanical shakerron.5The solid and liquid phases were
separated by centrifugation at 3000 g for 10 miniil the supernatant liquid is clear, and
liquid was decanted. This operation was repeategetmore times. Then 33 &raf 99%
isopropyl alcohol was added and suspension wasshaka mechanical shaker for 5 min,
and was centrifuged at 3000 g for 10 min. This pdare was repeated two more times. In
the next stage 33 ¢hof 1 mol dm® ammonium acetate solution was added to the sdil an
suspension was shaken in a mechanical shakerrfon,5and was centrifuged at 3000 g for
10 min. The supernatant was decanted into a 1G0«olametric flask. This procedure was
repeated two more times and the combined supetsatate diluted to the 100-érmark
with ammonium acetate solution. The sodium conediomm in extract was determined by
ICP-AES. The CEC was calculated on the basis of difeerence between initial
concentration of sodium in extraction solution &mel quantity remaining in extract.

The Kappen's method

The hydrolytic acidity values and the sum of exdemable alkaline cations were
determined according to Kappen [7].



A comparison of methods for the determination aforeexchange capacity of soils 491

The hydrolytic acidity

The 40 g of air-dried soil sample was treated @0 cni of 0.5 mol dm® calcium
acetate solution adjusted to pH = 8.2 (in the ratioof 1:2.5). The suspension was shaken
in polyethylene bottle of about 250 troapacity, at rotary shaker (40 rpm), at room
temperature for one hour, then filtrated. Thediiss were titrated with 0.1 mol dhsodium
hydroxide solution in presence of phenolphthalaididator and the hydrolytic acidity
values were calculated from the amount of sodiudrdwide solution consumed.

The sum of exchangeable alkaline cations

The 20 g of air-dried soil sample was treated wib0 cni of 0.1 mol dm®
hydrochloric acid solution (in the ratio w:v of ):5The suspension was shaken in
polyethylene bottle of about 250 Zneapacity, at rotary shaker (40 rpm), at room
temperature for one hour, then filtrated. Thediiss were titrated with 0.1 mol dhsodium
hydroxide solution in presence of phenolphthaleidator and the sum of exchangeable
alkaline cations were calculated from the amourstoafium hydroxide solution used.

A comparison between methods

The linear regression analysis (linear least squB®) was used to compare the results
of methods and to find the equation, which imprthe relation between hexaammine(lll)
chloride and sodium acetate methods. Calculatioase vdone usingStatistica 9.0 PL
software (Statsoft, Tulsa, USA).

Results and discussion

The cation exchange capacity (CEC) of soil obtaitgd hexaamminecobalt(lIl)
method ranged from 19 to 215 mmol(+) k¢mean: 109 mmol(+) kg standard deviation:
53 mmol(+) kg"). The values of sum of exchangeable cations (3¢ wiwse to CEC (Fig.
1), and varied from 16 to 223 mmol(+) kgmean: 105 mmol(+) k§ standard deviation:
54 mmol(+) kgY). The exchangeable alkaline cations content caartanged in series of
decreasing values: Ca>>Mg>K. The content of exceably calcium ranged from 56 to
96% of S. Exchangeable magnesium and potassiunumatesb for 6 to 32% of S and
0.3 to 12% of S respectively. The cation exchangpacity (CEC) was significantly
correlated with clay content (Table 2). It is wonthting that CEC was negatively correlated
with organic carbon content. Reason for this ist e rich in organic matter ochric
horizons contained relatively small amount of clay.

Table 2
The values of correlation coefficients betweenaragxchange capacity (CEC) of soils obtained with
hexaamminecobalt(lll) chloride (Ckghe) and basic physicochemical properties of the soils

CECcohex Clay [%] pH kci PHH20 Corg Cinorg
CECCohex 1
Clay [%] 0.91* 1
pHke 0.31 0.31 1
pH20 0.39 0.38 0.97** 1
Corg —0.45* —0.54** —0.34 —0.45* 1
Cinorg 0.00 0.15 0.75** 0.71** -0.27 1

* significant at 0.05 probability level, ** signifant at 0.01 probability level




492 Dawid Jaremko and Dorota Kalembasa

250

y =0.95x

200 -

150 -

100 -

Scohex [MMoI(+) kg

50 -

0 50 100 150 200 250
CECgnex [Mmol(+) kg?]

Fig. 1. The relationship between cation exchangacty (CEGoney and sum of exchangeable cations
obtained with hexaamminecobalt(lll) chloridec{%y)

A comparison of the hexaamminecobalt(lll) chlorideand barium chloride methods

The results of cation exchange capacity of soilserdd@nation obtained by
hexaamminecobalt(lll) chloride and barium chloridethods were comparable, which was
confirmed by linear regression equation (the sloptheleast squares regression line equal
to 1) and high value of determination coefficieRt£ 0.97) (Fig. 2).
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Fig. 2. Relationship between cation exchange capadiCEC) of soils obtained with
hexaamminecobalt(lll) chloride (Ckghey and barium chloride (CEfacin)

Both reagents extract similar amounts of excharlgeaditions (Fig. 3). Only in the
case of genetic horizons with high calcium carbeneadntent, barium chloride extracts
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larger amounts of these cations. This observatam lie explained by the dissolution of
larger amount of this salt during the extractionogedure. This is because the
hexaamminecobalt(lll) method is a single extractiand barium chloride procedure
includes three successive extractions with largdunae of used reagent. This hypothesis is
confirmed by comparison of results of exchangeatakium content obtained by two
methods, which are similar, in contrast to magmasamd potassium content (Fig. 4).
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Fig. 3. Relationship between sum of exchangeabi®rea (S) obtained with hexaamminecobalt(lll)
chloride (Sohey and barium chloride &ciz); ® Cinorg™> 80 g kgt o Cinorg< 20 g kg*
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Fig. 4. Relationship between exchangeable calciumgagnesium and potassium obtained with
hexaamminecobalt(lll) chloride (G&ex Mcohex Kcohey and barium chloride (Gaciz, Mggaciz
Kgaci); ® Cinorg> 80 ¢ kg_l: 0 Cinorg< 20 g kg_l

A comparison of the hexaamminecobalt(lll) chlorideand sodium acetate methods

The values of CEC obtained by hexaamminecobalt@iilpride and sodium acetate
methods were less comparable than hexaammineddpaitfloride and barium chloride
methods R = 0.69) (Fig. 5).
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Fig. 6. Relationship between cation exchange capadiCEC) of soils obtained with
hexaamminecobalt(lll) chloride (CkEGhey and sodium acetate predicted by linear regression
model (CEGrscoonapredicted)

Generally, the first method gave higher values BCQthe slope of the least squares
regression line less than 1) with reference toaheoil horizons studied. This is because
the hexaamminecobalt(lll) ions have a higher cdjpahif exchangeable cations exchange
than the sodium ions. An inverse relationship veasé for acidic soil horizons acidic with
relatively high organic matter content. Reasontlfis is the fact that buffering capacity of
sodium acetate solution (pH = 8.2) influences oe @H of the suspensions and
consequently on variable charges of soil. In theeaat soil horizons with low pH and high



49€ Dawid Jaremko and Dorota Kalembasa

organic carbon content { increases the negatively charged sites of orgamaitter and
consequently cation exchange capacity. The reksttipnbetween cation exchange capacity
(CEC) of soils obtained with hexaamminecobalt(thjoride (CEGoney and sodium acetate
(CECcHacoong can be improved by linear regression equatioh titee factors: percent of
clay (clay %), pH in potassium chloride solutionHfg,) and organic carbon content
expressed in g kg (Corg). To calculate the CEC according to hexaamminetibp
chloride method (CE&gey) from the CEC given by sodium acetate method (&B&ond
this equation is:

CECcscoona = CECcone — L72clay% + 305pH o, + 309C,, (R*=0.90)
The value of determination coefficient is 0.90 amanuch higher than if the data are

not corrected. The relationships between gl&and sodium acetate predicted by linear
regression model (CEGscoonapredicted) is presented in Figure 6.

A comparison of the hexaamminecobalt(lll) chlorideand sodium acetate methods

The hexaamminecobalt(lll) chloride and Kappen's hnds are not equivalent with
reference to the all soil horizons studied. The CElues obtained by these methods
weren't correlated (Fig. 7).
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Fig. 7. Relationship between cation exchange capadiCEC) of soils obtained with
hexaamminecobalt(lll) chloride (CkGhey and Kappen's methods (T): a) with b) without
calcareous horizons; Cinorg™> 80 g kg%, o Cinorg< 20 g kg*

The Kappen’s method is not suitable for soil hangavith high carbonate or others
acid soluble salts conteriiecause in their case is obtained extremely ovsratstd values
of CEC. After elimination of calcareous horizongrfr analyzed data correlation coefficient
value was improved, but the CEC values were nol retdted & = 0.14). The differences
were due the exchange ability and the quantity rafex cation used, experimental
conditions and relatively large analytical erroKiappen’s method.

Conclusions

1. The cation exchange capacity (CEC) values and garitexchangeable cations (S)
extracted depend on the precise experimental gonditsuch as physicochemical
properties of soils studied, the exchange abilitg guantity of index cation used,
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extraction conditions (number and time of extratsbteps, pH at which extractions are
carried out) and analytical method used to detegrttie CEC.

2. Among the methods used in this work, the hexaamoinait(l11) chloride and barium
chloride methods are comparable. In both of thesthods measurements of CEC
carried out in not-buffered medium at soil pH amdained values are more correspond
to the actual sorption capacity of soils.

3. The barium chloride method gives higher valuesunf ®f exchangeable cations than
hexaamminecobalt(lll) chloride method in the ca$egenetic horizons with high
calcium carbonate content. This is due the dissolubf larger amount of this salt
during successive extractions.

4. The values of CEC obtained by hexaamminecobalt@lpride and sodium acetate
methods are less comparable than hexaamminecdBalkloride and barium chloride
methods. The first method gave higher values of Q€ inverse relationship is valid
for acidic soil horizons acidic with relatively Higorganic matter content. The
relationship between cation exchange capacity (CECE)soils obtained with
hexaamminecobalt(lll) chloride (Ckgey) and sodium acetate (CEfcoond Can be
improved by linear regression equation with thraetdrs: percent of clay; pH in
potassium chloride solution and organic carbonexunt

5. The hexaamminecobalt(lll) chloride and Kappen'shmods are not equivalent. The
Kappen’s method is not suitable for soil horizorighviigh carbonate or others acid
soluble salts contenbecause in their case is obtained extremely overatsd values
of CEC.
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POROWNANIE METOD OZNACZANIA POJEMNO SCI WYMIANY KATIONOW
| SUMY KATIONOW WYMIENNYCH W GLEBACH

Katedra Gleboznawstwa i Chemii Rolniczej, WydziggyPodniczy
Uniwersytet Przyrodniczo-Humanistyczny w Siedlcach

Abstrakt: Celem niniejszej pracy bylo poréwnanie wynikéw ozzemia czterema niezateymi metodami
pojemndci wymiany kationéw (CEC) i ilici zasadowych kationéw wymiennych (Ca, Mg, K) wagleh.
W badaniach zastosowano tradyeymmodyfikowan metod Kappena oraz trzy standardowe metody, w ktérych
wykorzystuje s rézne odczynniki ekstrakcyjne: octan amonu (pH = 7ploek baru i chlorek
heksaaminokobaltu(lll). Waréoi pojemndci wymiany kationéw, uzyskane z zastosowaniem joéw (B&")

i jonéw heksaaminokobaltu(lll) (Co(Ng**), 33 powtarzalne i poréwnywalne; te dwie metodyzme uzna za
ekwiwalentne. Zmodyfikowana metoda Kappena dajeyzame wyniki, szczeg6lnie dla gleb ksvech,
zasobnych w materiorganiczi, oraz gleb zasadowych, zawie@jch znaczne ikei weglandw. W metodzie
z octanem amonu roztwor ekstrakcyjny ma $eiaosci buforowe, co powoduje zgkszenie ildci ujemnie
natadowanych miejsc zdolnych do sorpcji, szczegopowstatych w wyniku dysocjacji kéych grup materii
organicznej, wskutek zwkszenia wartéci pH do pH odczynnika ekstrakcyjnego. Powodujez&wyzenie
pojemndci wymiany kationéw gtéwnie dla gleb kémych. Bhd ten mana zredukowa poprzez réwnanie
regresji uwzgidniajace pH gleby i zawartg wegla w zwizkach organicznych.

Stowa kluczowe:pojemndé¢ wymiany kationow, kationy wymienne, jony baru, ydmeksaaminokobaltu(lll)



