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The effect of pH and temperature on kaolinite dissolution rate under acidic conditions
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Abstract—The main goal of this paper is to demonstrate a new rate law describing the combined effect of pH
(0.5 to 4.5) and temperature (25°C to 70°C) on kaolinite dissolution rate, under far from equilibrium
conditions, as a step towards establishing the full rate law of kaolinite dissolution under acidic conditions.
Dissolution experiments were carried out using non-stirred flow-through reactors fully immersed in a
thermostatic water bath held at a constant temperature of 25.0°C, 50.0°C or 70.@°C°C. Kaolinite
dissolution rates were obtained based on the release of silicon and aluminum at steady state. The results show
good agreement between these two estimates of kaolinite dissolution rate. Kaolinite dissolution rates range as
a function of temperature and fluid composition fromt8L X 10~ *® mol m™2 s™* (at 25°C and pH 4.5) to

1.5+ 0.2X 10 * mol m™2s * (at 70°C and pH 0.5). In general, dissolution rate increases with temperature
and decreases with pH.

The combined effect of pH and temperature is modeled by two independent proton promoted reaction paths.
The first reaction path controls the overall dissolution rate atpB.5, whereas the second path controls it
below pH 0.5. Between pH 0.5 and 2.5 the two reaction paths influence the rate. Using this model the effects
of pH and temperature on the overall dissolution rate of kaolinite under acidic condition can be described by:

2. 10710. elQ/RT. ay 1.4 1077, elOlRT, ay-
— + 5, 107.e—28/RT. _ -
1+2-10%e* - ay 1+1.4-10 -e .4,

Rate = 2-10?- e 2RT.

where R is the gas constant, T is the temperature (K)gands the activity of protons in solution. Copyright
© 2002 Elsevier Science Ltd

1. INTRODUCTION kaolinite dissolution (Ganor and Metz, 2001). Therefore, a new
data set examining the effect of both temperature and pH on
dissolution rate under non-stirred conditions is required.

In the absence of catalysts, the dissolution rate of oxides and
silicates was classically interpreted by three reaction mecha-
nisms: proton promoted, hydroxyl promoted and water-pro-
moted, that dominate the reaction rate under acidic, alkaline or
near neutral conditions, respectively. As the proton promoted
mechanism dominated the dissolution rate under acidic condi-
tions, it was shown for many minerals that the dissolution rate,
within certain pH ranges, is proportional to a fractional power
of the hydrogen ion activity:

The most studied aspect of weathering of aluminosilicates in
general and kaolinite in particular has been the dependence of
dissolution rates on pH. Metz and Ganor (2001) compare the
results of kaolinite dissolution rates at 25°C and pH 3 as
obtained in their study, with those of Carroll-Webb and
Walther (1988), Wieland and Stumm (1992) and Ganor et al.
(1995). The dissolution rates obtained by Ganor et al. (1995)
agree with those of Wieland and Stumm (1992) and are four to
five times faster than the rates obtained by Carroll-Webb and
Walther (1988). Metz and Ganor (2001) suggested that differ-
ences in kaolinite dissolution rates observed by the different
studies are a result of differences in stirring efficiency. They _ . (1)
showed that although kaolinite dissolution at low temperature Rate = k- - aii*
is surface-controlled and not diffusion-controlled, calculated
dissolution rate is enhanced by stirring. Since the stirring effect . ) N ;
on kaolinite dissolution rate varies with temperature and pH, order of the reaction with respect #° and k- is a rate

measurement of kinetic parameters such as activation energy]?oremﬁ'?mhs'rl'cate ?'ssr?“:“ctm |sxarsurfa;ﬁe zrocens(? {;nd thfetrﬁ-
may be influenced by stirring. As a result, kinetic factors ore, 1t 1S more appropriaté to express the dependence of the

obtained under non-stirred conditions were suggested to be:ﬁte onf the cc;Eceg:ratlon t(r? r ECT:: |ty)t_o{_pro_tonsl at(_jsorzed on
better approximations for the real kinetic factors, at least for Ee sulr acebra e{t an (tm © fu ?C vities In sto ut:;): .ence,
slow reactions that are not influenced by diffusion, such as an. 1 can be written in terms of surface concentratiohs.0):

wherea"™ is the activity of protons in the solutiom,,+ is the

Rate = ki« - Xz 2)
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many. Fig. 1 compares kaolinite dissolution rates at 25°C and 80°C
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Fig. 1. Comparison of the effect of pH on kaolinite dissolution rate
at 25°C to that at 80°C. Source data: Carroll and Walther (1990).

as obtained by Carroll and Walther (1990). Calculating the
reaction order from the slopes of the linesin Fig. 1 shows that
the reaction orders with respect to a,,+ increase with tempera-
ture from 0.08 + 0.03 (R* = 0.52) at 25°C to 0.48 + 0.03
(R? = 0.98) at 80°C.

Carroll and Walther (1990) calculated activation energies for
kaolinite dissolution based on their experiments. They recalcu-
lated the dissolution rates at each pH at 25°C and 80°C from the
reaction orders that were derived using Egn. 1 from the exper-
iments. As a result of the significant difference between the
reaction order at 25°C and at 80°C (Fig. 1), calculated values of
activation energy range from 1.7 kcal/mol a pH 7 to 16
kcal/mol at pH 1.

There are two hidden assumptions in using Egn. 1 for mod-
eling asurface reaction: (1) the reactive surfaces do not become
saturated with respect to protons as the pH decreases; and (2)
only one mechanism dominates the rate throughout the exam-
ined pH (and temperature) range. Both assumptions were chal-
lenged in previous studies. Wieland and Stumm (1992) pro-
posed that the overall dissolution rate of kaolinite at 25°C under
acidic conditions could be explained by two independent par-
alel dissolution reactions, one at the edge and the other at the
gibbsite layer. They observed a constant dissolution rate in the
pH range of 2 to 3 and explained it by saturation of the gibbsite
layer with protons. Similarly, surface saturation was suggested
by Ganor et a. (1995) as an explanation for their observation
that kaolinite dissolution rate at 50°C is about constant below
pH 3. Recently, Huertas et a. (1999) re-determined the effect
of pH on kaolinite dissolution rate and presented a surface
coordination model that confirms that the mechanism of ka-
olinite dissolution under acidic conditions is controlled by two
distinct surface complexes. If, as was suggested by previous
studies, kaolinite surfaces show saturation with respect to H™
and kaolinite dissolution rate under acidic conditions is domi-
nated by more than one mechanism, then previously obtained
pH dependencies and apparent activation energies that were
calculated based on Egn. 1 cannot contribute to the understand-
ing of the dissolution mechanism.

Saturation of reactive surfaces with respect to protons and
changes in reaction mechanism may be detected by changesin
the slope of alog rate vs. pH plot. To be able to accurately
model the information in such a plot it is important to conduct
adense array of experiments, as was done in the present study.

Oelkers et al. (1994) and Devidal et al. (1997) show that
auminum inhibits kaolinite dissolution even under very far
from equilibrium conditions. As auminum concentrations var-
ied in experiments conducted under different experimental con-
ditions, it is important to examine the aluminum effect on rate
to distinguish it from other effects such as temperature and pH.

In the present study we introduce a new data set examining
the effect of both temperature (25°C to 70°C) and pH (0.5 to
4.5) under non-stirred conditions on kaolinite dissolution rate.
The effects of other variables such as aluminum concentration
and ionic strength on rate are examined as well astheir possible
effects on pH and temperature dependencies on dissolution
rate. The main objective of the paper is to model the experi-
mental data using two reaction mechanisms, and to obtain a
new rate law describing the effect of pH and temperature.

2. MATERIALS AND METHODS
2.1. Characterization and Pretreatment of kaolinite

The kaolinite sample used in this study isthe KGa-2 (Warren county,
Georgia), an international reference sample of the Clay Minera Society
Source Clay Repository that was supplied by the Yale Peabody Mu-
seum. Sample KGa-2 is an aimost pure kaolinite, containing more than
96 wt.% of Al,Si,O5(OH),. Major impurities are TiO, and Fe,O5. The
kaolinite was pretreated in 0.001 N HCIO, at 80°C for few months,
using the procedure described in Ganor et a. (1995). Surface areawas
measured using a Micromeritics Gemini 2370 surface area analyzer.
The BET-determined initial surface area of the kaolinite was 18.5 +
10% m? g~* using 5-point N, adsorption isotherms. Usualy, the
surface area after each experiment was (within error) the same as the
initial area (Table 1).

2.2.. Experimental Setting

Dissolution experiments were carried out using non-stirred flow-
through reactors (ca. 35 mL in volume) fully immersed in a thermo-
static water-bath held at a constant temperature of 25.0°C, 50.0°C or
70.0°C = 0.1°C. The reaction cells were composed of two chambers,
a lower chamber of 33-mm inner diameter and an upper chamber of
26-mm inner diameter. The two chambers were separated by a fine (5
m) nylon mesh, on which kaolinite powder was placed. A schematic
sketch of the experimental setting and some more details of the exper-
imental procedure can be found in Metz and Ganor (2001). Most of the
experiments lasted longer than 1500 h, and consisted of a single stage,
i.e., the experiment was stopped after steady state was attained. A few
experiments consisted of two or more stages, in each of which Al or Si
input concentrations and/or the flow rate were changed. Cal cul ated total
dissolved material throughout the experiments was less than 5% of the
starting mass of kaolinite.

Input solutions were prepared at specific pH and with specific
concentrations of total Si and Al by mixing HCIO, (70%, BDH) source
solution, variable amounts of aluminum and silicon source solutions
and double deionized water. The silicon source solution was a dis-
solved Na,H,SiO,5H,0, (1000 ppm, BDH) and the aluminum source
solution was AICl; standard solution (1000 ppm, Merck). In several
cases, adequate quantities of 0.25 mol/L NaOH solution were added
into the input solution to obtain the desired output pH. In experiments
designed to study the effect of ionic strength, different amounts of
NaClO, have been added into the input solution.

Input and output solutions were analyzed for Al, Si, and pH. Total Al
and Si were analyzed colorimetrically with a UV-visible spectropho-
tometer, using the Catechol violet method (Dougan and Wilson, 1974)
and Molybdate blue method (Koroleff, 1976), respectively. Before



Table 1. Experimental conditions and results.

Al Si Error®
Duration Flow rae _ PH input output input output ::gl BET aren  RAGA Rae® R, Rg Na | AGgibb AGgz AGkaol®
Experiment (h) (mL min™%) input output (M) SRAlsi (9) (m’g™h) (mol m™2%s7Y) (%) (M) (kcal mol %)

25°C

KGA2-25-10 3459 0.013 350 353 11 58 0 48 0.97 0.9991 182 —254E-14 —286E-14 18 14 0 00004 -34 -09 —-124
KGA2-25-10C 11187 0.013 357 346 0 53 0 43 113  0.9952 182  —255E-14 —250E-14 17 14 0 00004 -37 -10 -13.2
KGA2-25-11 2445 —0.012 402 4.07 0 52 0 41 1.07 1.0016 179 —226E-14 —219E-14 17 14 0 00001 -13 -10 —-83
KGA2-25-11D 11186 0.012 4.00 4.03 0 38 0 33 111 0.9993 179 —-178E-14 —1.78E-14 16 14 0 00001 -16 -—12 -9.2
KGA2-25-1 1179 0.014 299 3.00 0 25 0 22 100 0.4005 191 —254E-14 —253E-14 19 17 0 00011 -61 -14 —18.8
KGA2-25-1C 8039 0.008 151 151 0 54 0 6.3 092 0.3992 191 —451E-14 —487E-14 14 15 0 00365 -124 -08 -30.0
KGa2-25-2 1941 0.011 3.00 292 0 24 0 24 099 0.5047 173 —258E-14 —259E-14 14 14 0 0.001 -65 -1.3 —-194
KGA2-25-5 3255 0.009 3.00 296 0 34 0 34 102 0.4995 192 —266E-14 —260E-14 14 14 0 00011 -61 -11 -18.2
KGA2-25-6 1521 0.043 204 202 0 12 O 08 094 0.4021 179 —341E-14 —361E-14 21 16 0 0011 -109 -20 —295
KGA2-25-7 465 0.044 250 247 0 07 O 06 116 0.4012 183 —350E-14 —3.00E-14 14 14 0 00034 -92 -—-22 —-26.3
KGA2-25-7B 1636 0.012 250 246 0 19 O 20 094 0.4010 183 —262E-14 —2.76E-14 14 14 0 00034 -86 -—-14 —238
KGA2-25-8 2446 0.012 045 0.52 0 62 0 65 09 0.3011 184 —1.06E-13 —1.16E-13 15 14 0 041 -169 -08 -39.1
KGA2-25-9 2446 0.012 1.04 1.00 0 64 O 84 091 0.3000 184 —110E-13 —1.26E-13 15 16 0 01224 -146 06 —34.2
KGA2-25-10B 6916 0.012 449 452 0 18 O 20 088 0.9975 182  —899E-15 —1.14E-14 16 14 0 00001 -02 -15 —6.9
KGA2-25-11B 3458 0.012 402 413 11 37 8 10 1.15 1.0013 179 —128E-14 —123E-14 20 65 0 00001 -13 -05 -7.3
KGA2-25-11C 6915 0.011 449 451 0 17 0 1.7 100 1.0004 179 —-7.82E-15 —8.73E-15 16 15 0O 0 -02 -15 —-7.2
KGA2-25-12' 2618 0.008 293 295 195 206 0 71 158 1.4225 190 —265E-14 —1.76E-14 220 14 0 00023 -38 -07 —-12.7
KGA2-25-13 2618 0.012 300 301 74 83 0 73 117 1.5046 195 —3.00E-14 —253E-14 110 14 0 00015 -40 -07 -13.1
50°C

KGA2-50-1' 642 0.042 3.00 301 0 164 O 16 1.02  0.4042 192 —737E-13 —7.14E-13 14 14 0 00011 -33 -10 -11.6
KGA2-50-11A 1572 0.014 398 4.03 0 16 O 15 111 0.3998 183 —237E-14 —238E-14 16 14 0 00001 -04 -—26 —838
KGA2-50-12C' 2572 0.043 3.00 299 06 18 0 164 109 0.3955 214 —6.63E-13 —6.79E-13 16 14 0 00011 -34 -10 -11.6
KGA2-50-13A' 1584 0.008 298 3.02 0 40 0 384 105 04973 187 —269E-13 —2.85E-13 16 14 0 00013 -27 -05 -9.3
KGA2-50-22' ) 500 0.037 3.02 302 199 207 0 1.1 648 0.2015 193 —579E-13 —8.83E-14 326 14 0 00023 -18 -—-27 -11.9
KGA2-50-22B' 1798 0.038 303 299 76 80 0 14 266 0.2009 193 —3.14E-13 —1.16E-13 239 14 0 00015 -24 -26 —-129
KGA2-50-23 842 0.042 298 299 197 38 0 156 121 05161 186 —6.73E-13 —549E-13 25 15 0 00013 -29 -10 -10.8
K GA2-50-23B" 1681 0.042 300 300 21 37 0 14 1.19 0.5121 186  —6.02E-13 —4.98E-13 27 15 0 00013 -29 -11 —-10.8
KGA2-50-14 806 0.043 198 1.98 0 87 O 86 104 0.4002 185 —3.80E-13 —4.07E-13 16 14 0 00111 -86 -—14 -23.0
KGA2-50-15 2621 0.009 400 4.04 0 3 0 29 099 0.5034 185 —206E-14 —2.32E-14 16 14 0 0.0001 00 -21 —-7.2
KGA2-50-16 1420 0.047 248 247 0 79 0 76 104 04016 186  —4.09E-13 —3.90E-13 14 14 0 00034 -63 -15 —-185
KGA2-50-17 1110 0.010 349 353 0 125 0 12 1.02 0.4008 189 —-125E-13 —1.37E-13 16 14 0 00004 -12 -12 =77
KGA2-50-18 1104 0.023 349 352 0 75 0 8 0.96  0.4003 180 —199E-13 —2.05E-13 14 14 0 00004 -16 -—-15 -9.0
KGA2-50-19 2233 0.033 051 0.50 0 27 1 28 1.02 0.1871 190 —187E-12 —207E-12 16 15 0 04145 -155 -07 —-35.1
KGA2-50-20 2233 0.036 099 1.00 09 133 O 124 100 0.1942 182 —950E-13 —1.06E-12 17 14 0 01235 -133 -—12 -31.9
KGA2-50-21' 1699 0.083 3.00 3.00 0 83 O 76 107 0.3968 194 —7.10E-13 —6.78E-13 15 14 0 00011 -38 -—15 —135
KGA2-50-9 699 0.047 202 201 0 8 0 82 09  0.3983 205 —3.29E-13 —3.82E-13 16 15 0 00111 -86 -—15 —-22.9
KGA2-50-NA-8B 2019 0.043 446 4.45 0 16 O 0.7 437 0.2028 193 —144E-13 —349E-14 14 69 0O O 17 -31 —5.6
KGA2-50-NA-1° 2453 0.028 149 147 0 11 0 12 0.97  0.2990 184 —481E-13 —492E-13 14 15 0 00368 -110 -—-12 —-274
KGA2-50-NA-2° 1731 0.035 199 198 0 77 0 7.7 101 0.2982 185  —3.75E-13 —4.02E-13 15 14 22000 0.0336 —9.0 -—15 —238
KGA2-50-NA-454 1010 0.032 297 296 0 76 0 64 120 0.3001 182 —3.78E-13 —3.10E-13 14 14 31000 0.0322 —-47 -—16 —-154
KGA2-50-NA-5° 2573 0.012 352 353 0 98 O 86 114 0.3982 188 —1.25E-13 —1.14E-13 15 14 31700 0.0321 —-20 -—-14 -9.7
KGA2-50-NA-6° 2071 0.015 401 4.02 0 19 0 36 054 0.4032 194 —3.17E-14 —-589E-14 21 14 32000 0.0321 —-10 -—-20 —-8.8
KGA2-50-NA3 1731 0.033 246 246 0 78 0 7 111 0.3007 187 —3.62E-13 —3.46E-13 15 14 28000 0.0317 -6.8 —16 —19.6
KGA2-50-NA-9¢ 2207 0.032 3.02 301 0 42 0 4 1.05 0.2048 185 —277E-13 —2.80E-13 15 14101000 0.1113 -52 -19 -17.0
KGA2-50-NA-8 2336 0.043 294 290 0 66 O 6.5 109 0.2040 193 —599E-13 —543E-13 14 15 1500 0.0026 —-45 -16 —-15.1
KGA2-50-NA-8CY 2479 0.039 296 294 09 35 O 3 090 0.2023 193 —194E-13 —242E-13 20 14100000 0.1112 -6.0 -—-21 —-19.2

(continued)
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Table 1. Continued.

916€

Al Si Error®
Duration  Flow rae _ PH input output input output 2131 BET aren  RAEA Rae® R, Rg Na I AGgibb AG,gz AGkaol®
Experiment (h) (mL min™%) input output (M) SRAys (9) (m%g™ (mol m—%s7%) (%) (M) (kcal mol 1)

70°C

KGAZ2-70-10 1382 0.052 152 154 0 13.8 0 147 094 0.0971 20.7 —296E-12 —3.14E-12 14 14 0 0.037 -98 -19 —-25.1
KGA2-70-12 1775 0.081 053 052 14 26.6 11 252 104 0.0573 189 —-131E-11 —152E-11 18 15 O 04189 -149 -16 —-34.6
KGA2-70-13 1776 0.080 102 104 18 16.7 0.8 156 1.00 0.0706 189 —-6.60E-12 —7.39E-12 17 15 0 01246 —-123 -19 —-30.2
KGA2-70-14A' 1153 0.108 3.06 3.00 0 42 0 46 092 0.1500 201 —-114E-12 -138E-12 16 14 O 0.0011 -—-31 -27 —-13.3
KGA2-70-14B'° 1695 0.052 299 3.00 1 84 20 261 121 0.1489 201 —975E-13 —893E-13 17 62 O 00011 -26 -—-15 —10.0
KGA2-70-3 984 0.043 298 299 0 11 0 11 101 01971 185 —-976E-13 —107E-12 16 14 0 00011 -24 -21 -10.9
KGA2-70-6 3179 0.008 404 4.07 0 14 0 3.7 039 0.5015 180 —9.72E-15 —282E-14 43 14 0 0.0001 0.7 —29 —-6.1
KGA2-70-9 1560 0.013 349 353 0 67 O 7.7 0.88 0.4001 182 —-101E-13 —113E-13 14 14 0 0.0004 -04 -24 -72
KGA2-70-7 1560 0.033 249 251 0 58 0 55 1.06 0.3820 203 —201E-12 —192E-12 14 14 O 00037 —-37 -10 -11.2
KGA2-70-5 480 0.038 200 201 0 695 0 65 1.07 0.3927 19.7 —255E-12 —-264E-12 16 14 0 00115 -61 -09 —-15.8
KGA270-NA-6 1810 0.038 448 447 0 13 0 05 544 0.0992 20.2 —184E-13 —361E-14 104 55 0 0.1013 15 42 =71
KGA2-70-8A° 1091 0.022 3.01 3.05 0 16.2 51 65 114 0.1519 200 —990E-13 —868E-13 14 67 O 0.0011 -19 -09 -74
KGA2-70-8B' 1634 0.018 3.01 3.02 0 14.9 0 146 1.02 0.1503 200 —7.34E-13 —7.14E-13 14 14 0 00011 -21 -19 —-9.8
KGA2-70-18 1654 0.027 3.00 302 101 106 0 35 152 0.1495 184 —389E-13 —286E-13 258 14 O 0.0016 -08 -29 -92
KGA2-70-1' 1179 0.047 295 298 09 111 1 108 1.01 0.1462 188 —141E-12 —146E-12 15 15 0 00011 -25 -21 —-11.0
KGA270-19' 1056 0.042 301 301 25 306 1 6.8 089 0.1482 193 —-6.86E-13 —763E-13 63 15 0 0.0012 -17 -25 -10.0
KGA270-20' 965 0.044 301 304 726 76 0 31 099 0.1523 183 —4.00E-13 —4.00E-13 280 14 O 0.0015 -10 -30 —9.6
KGA270-21' 726 0.042 293 298 189 203 0 21 6.79 0.1506 173 —-201E-12 —289E-13 157 14 0 0.0022 -06 —-32 -95
KGA2-70-4' 1122 0.008 3.00 3.05 0 45 0 14 1.03 0.5022 184 —309E-13 —3.35E-13 16 14 0 O -12 -12 —6.6
KGA2-70-15° 1695 0.034 3.01 3.00 0 98 57 68 0.92 0.1469 199 —-861E-13 —105E-12 16 9 0 0.0011 -25 -09 -85
KGA2-70-16° 1633 0.047 3.00 299 0 104 185 197 0.93 0.1484 193 —127E-12 —164E-12 16 258 O 0.0011 —-25 -02 -7.0
KGA2-70-17° 1296 0.052 3.01 298 0 7 564 618 0.14 0.1374 189 —-9.71E-13 —899E-12 17 178 0 0.0011 -28 0.6 -6.2
KGA270-NA-1° 965 0.043 197 200 0 18.3 0 173 1.07 0.1021 209 —3.05E-12 —2.82E-12 14 15 22000 0.0337 —-73 —18 —-201
KGA270-NA-2° 1090 0.032 245 250 12 167 O 145 111 0.1014 20.2 —200E-12 —1.79e-12 15 15 28000 0.0326 —-50 -—-19 —-15.7
KGA270-NA-3%¢ 965 0.040 296 297 11 8.3 0 74 103 0.0986 209 —-117E-12 —111E-12 16 15 31000 0.0322 —-34 -—-24 —-13.3
KGA270-NA-4° 1063 0.017 348 358 08 68 0 6.6 097 0.3011 182 —158E-13 —1.62E-13 15 15 31700 0.032 -08 —25 -84
KGA270-NA-5° 2333 0.012 401 4.10 0 24 0 28 085 0.5007 189 —264E-14 —3.07E-14 14 14 32000 0.0321 05 -31 —6.8
KGA270-NA-6B¢ 2482 0.036 296 3.02 0 79 0 72 109 0.0985 202 —107E-12 —108E-12 16 14100000 0.1013 —-35 -—-24 -13.7
KGA2-70-11B 2230 0.047 200 2.00 0 122 30 46 0.77 0.1091 250 —-1.70E-12 —229E-12 15 40 O 00112 -73 -12 —-18.7
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" experiment designed to test the Al inhibitory effect

S experiment conducted at the same lonic strength at different pH

9 experiment conducted at pH 3 with different ionic strength

¢ experiment designed to test the Si catalytic effect

@ dissolution rate (Rate,, and Rateg;) based on the release of Al and Si, respectively.

@ error in the dissolution rate (Rate,, and Rateg), respectively.

®Gibbs free energy associated with the dissolution reactions of gibbsite, kaolinite and quartz, respectively.
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analyzing samples with pH < 1.5, the pH was increased by adding
precise amounts of 0.25 or 0.75 mol/L NaOH. The uncertainty in
measured Al and Si was better than =5% for concentrations above 4
M. The precision dropped to *=15 and 33% for measurements at low
concentrations of 2 and 0.5 uM, respectively. The pH was measured at
experimental temperature on an unstirred aliquot of solution using a
semi-micro 83 to 01 Orion Ross combination electrode. The reported
accuracy is =0.02 pH units (=4.5% in H* activities).

3. CALCULATIONS

The overall dissolution reaction of kaolinite under acidic
conditions can be expressed as:

Al,Si,O5(OH), + 6H* — 2AI%* + 2H,Si0, + H,O
(3

The dissolution rate, Rate, (mol m~2 s™%) in steady state was
based on the release of Al and Si according to the expression:

/N Rate = _%(Cj,out - Cj,inp) (4)
where G, ;,, and C, ,,, are the concentrations of component j
(Al or Si) in the input and the output solutions, respectively
(mol m~3), v, is the stoichiometry coefficient of j in the
dissolution reaction, t istime (s), A is the surface area (m?) and
g is the fluid volume flux through the system (m*® s™%). Note
that in our formalism, the rate is defined to be negative for
dissolution and positive for precipitation. The error in the
caculated rate (AR) is estimated using the Gaussian error
propagation method (Barrante, 1974) from the equation:

P 2 12
AP - [E(ix) <Ax?)] )

where Ax; is the estimated uncertainty of the measurements of
the quantity x;. For most of the experiments, the error in the
calculated rate ranged from 11 to 16% and is dominated by the
uncertainty of the BET surface area measurement (+10%).

The degree of saturation of the solution with respect to
kaolinite dissolution (Eqgn. 3) is calculated in terms of the Gibbs
free energy of reaction AG,

1AP
AG, =RT In<—> (6)
Keq

where R is the gas constant, T is the absolute temperature, and
IAP and K, are actual and equilibrium ion activity products of
the solution, respectively. Using the pH, Al, Si, Naand ClIO,
total concentrations, the activity coefficients and the activities
of the different species in solution were calculated using the
EQ3NR code (Wolery, 1992). Errors (AP) in the above-calcu-
lated parameters (P), i.e., IAP and AG,, were estimated accord-
ing to the Gaussian error propagation Eqn. 5. Vaues of K, for
the dissolution reactions of quartz, gibbsite and kaolinite at
25°C, 50°C and 70°C are listed in Table 2.

4. RESULTS

The variations of input and output Al and Si concentrations
in three representative flow-through experiments as a function
of time are shown in Figure 2. Each experiment was composed
of 1to 4 stages, where each new stage was initiated by achange

Table 2. Equilibrium constant (log Keq) used in AG, calculations for
the hydrolysis reactions of gibbsite, kaolinite and quartz.

log Keq
Dissolution reaction 25°C 50°C 70°C
gibbsite + 3H* = AI®* + 3H,0® 7.75 6.33 5.35
kaolinite + 6H" = 2AI3* + 8.95 6.4 4,61
2H,Si0, + H,0®
Quartz + 2H,0 = H,SIO{ -463 -41 -36

®pPalmer and Wesolowski (1992).
@Nagy et al. (1991).
®Robie et a. (1978).

in the flow rate and/or the composition of the input solution.
The vertical lines in the figures delineate the different stages.
Much of the noise in the non-steady state data results from
instabilities in flow rate. The experimental conditions of all
experiments are compiled in Table 1. Al and Si concentrations
are usualy higher at the onset of the experiments. Afterwards,
Al and Si concentrations decrease until steady state is attained
(Fig. 2). Duration of experiments varies but mostly surpasses
1500 h, and some last for more than 5000 h. In general, aslong
as the flow rate is stable, steady state is easily maintained for
several hundred hours (up to 2000 h). Severa studies (e.g.,
Oelkers, 2000; Walther, 1996) indicate that the amount of time
before steady state may influence the resulting steady-state
dissolution rate. Figure 2c shows the change in Al and Si
concentrations in a multi-stage experiment (KGA2-25-10) at
25°C in which the input pH varied between 3.5 and 4.5. The
experiment attained the first steady state (A) after less than
2000 h. The dissolution rate at steady state was 2.7 = 0.3 X
10~ mol m~2 s~ *. After about 2000 h at steady state the pH
was increased to 4.5 and a change in concentration was ob-
served. After another 3500 h in which the pH of the input
solution was 4.5 most of the time, input pH was changed back
to 3.5. New steady state at pH 3.5 was achieved after another
3000 h. The dissolution rate at this last steady state was 2.5 =
0.3 X 107* mol m~2 s™*, which is (within error) the same
dissolution rate as that of stage A. We did not observe a
systematic gradual decrease with time neither of Al nor of Si
output concentrations, as reported by Brantley et al. (1995) for
feldspar dissolution with flow-through experiments.

Kaolinite dissolution rates (Eqn. 4) were obtained based on
the release of silicon (Rateg), and auminum (Rate,) at steady
state, for each flow-through experiment (Table 1). Figure 3
plots the dissolution rates evaluated based on the release of Si
versus those obtained based on the release of Al. The solid lines
in Figure 3 are the 1/1 diagona. Taking into account the
appropriate errors, Figure 3 shows good agreement between the
different estimates of kaolinite dissolution rate. The stoichio-
metric ratio between Al and Si (SR,,g) is defined as the ratio
between the release of Al and the release of Si at steady state:

= et A 7
CS out CS,inp ( )

where C; ;,, and C, . are the concentrations of component i in
the input and the output solution, respectively. For most exper-
iments the Al/Si stoichiometric ratio ranges between 0.9 and
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Fig. 2. Variation in Al and Si concentration as a function of time in three representative experiments. The vertical lines
represent changes in experimental conditions between the different stages. Al and Si values used to calculate average steady

state are denoted by open symbols.

1.2 (Table 1). The exceptions are experiments in which the
silicon or aluminum output concentrations were either very low
(<4uM) or similar to the input concentration. In both cases, the
error on the calculated rates (Table 1) and on the stoichiometric
ratio is very high. To minimize errors, dissolution rate is
calculated as the average of Rate,, and Rateg in all experiments
in which the error associated with both is less than 20% (Table
1). In the rest of the experiments, we used either Rate,, or
Rateg, whichever had the smaller error.

All the steady-state dissolution rates are measured at condi-
tions of undersaturation with respect to quartz and gibbsite.
Exceptions are experiments conducted at pH of about 4 and 4.5
at 50°C and 70 °C in which equilibrium with respect to gibbsite
is achieved (Table 1) and, consequently, incongruent dissolu-
tion occurs due to Al depletion. In these experiments the
dissolution rate is based only on Si release (see Table 1). In the
experiments conducted to determine a possible Si inhibitory/
catalytic effect at 70 °C and pH 3, the Si output concentration
ranges from 10 to 620 uM (Table 1). Few of the experiments
with very high Si concentration showed supersaturation with
respect to quartz. For those experiments dissolution rates were
based only on Al release.

In the present study the observed steady-state kaolinite dis-
solution rates range, as a function of temperature and fluid

composition, from 8 X 107*®* mol m~2 s~ * (at 25°C and pH
45)t01.5 X 107 mol m™2 s~ (at 70°C and pH 0.5).

5. DISCUSSION

5.1. Separating the Direct Effects of pH and
Temperature from Effects of Other Environmental
Variables

Figure 4 shows log dissolution rate versus pH at 25°C, 50°C
and 70°C. Although the observations may be described by Eqn.
1 reasonably well, asis evident by the linear trendsin Figure 4,
detailed examination of the data shows that three trends may be
characterized in log rate vs. pH plots. At 25°C (Fig. 4Q) therate
increases when the pH decreases from 4.5 to 3.5, remains
relatively constant between pH 3.5 and 2.5 and increases again
towards pH 1. Similar trends are observed at 50°C and 70°C
(Fig. 4b and c), although the transition between the linear range
to the range in which the rate is pH independent is shifted
towards more acidic pH as the temperature increases.

To model the effect of pH and temperature on kaolinite
dissolution rate it is important to separate between direct and
indirect effects of the environmental variables involved. By
direct effect we mean an effect related to surface processes and
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17, respectively, to the measured rate data at 25°C, 50°C and 70°C.

therefore, one that can be used to understand the reaction
mechanism. For example, the direct effect of pH on dissolution
rate is typically attributed to the effect of the adsorbed proton
on bond strength. In this example, “separation of variables’
implies that this effect of the adsorbed proton is independent of
temperature. An example of an indirect effect is the effect of
pH on rate as a result of changes in the degree of saturation.
This indirect effect depends, among other things, on the tem-
perature (Camaet al., 1999). In addition to temperature and pH,
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other environmental variables such as output Al concentration,
ionic strength and the degree of saturation, vary between the
experiments. Therefore, their possible effects on the kaolinite
dissolution rate are examined below.

5.1.1. Aluminum inhibition

Oelkerset al. (1994) and Devidal et al. (1997) show a strong
aluminum inhibition of kaolinite dissolution rate at 150°C at
saturated vapor pressure and pH = 2. The Al inhibits the
dissolution reaction even under very far from equilibrium con-
ditions. As the Al output concentration in experiments con-
ducted under different temperatures and pH varied, the Al
effect should be taken into account in the interpretation of the
effects of pH and temperature. Figure 5a shows the effect of
aluminum on kaolinite dissolution rate obtained in the present
study mostly at pH = 3 and temperatures of 25°C, 50°C and
70°C and from Oelkers et a. (1994) at pH = 2 and 150°C.
Whereas a significant inhibitory effect is observed at 50°C and
70°C (at pH = 3), duminum hardly affects dissolution rate at
25°C. Different mechanistic models were proposed in the lit-
erature for the inhibition of kaolinite dissolution rate at 150°C
by aluminum (Devida et a., 1997; Ganor and Lasaga, 1998).
All of these models may be adequately applied to the aluminum
inhibition observed at 50°C and 70°C. The currently available
data on aluminum inhibition are not sufficient to prefer one
mechanistic model over the others.

To compare the effect of aluminum on dissolution rate at
different temperatures we normalized the dissolution rates by
dividing the dissolution rates at each temperature and pH by the
dissolution rate obtained at the same temperature and pH with
minimum aluminum concentrations (2.4, 16, 4.2 and 4.3 uM
AI3* at 25°C, 50°C, 70°C and 150°C, respectively). Figure 5b
shows log normalized dissolution rate versus log AI®*. At
pH = 3 the effect at 50°C and 70°C is significantly stronger
than that at 25°C. The aluminum inhibition at 150°C and pH =
2 (after Oelkers et al., 1994) seems to be stronger than those at
50°C and 70°C at pH = 3, although there is a significant scatter
in the high aluminum concentration data at 150°C. The effect of
auminum on kaolinite dissolution rate at pH other than 3 was
not thoroughly examined in the present study. Based on two
data points at pH = 2 and two data points at pH 2.5, it seems
that at 70°C the inhibition effect is less significant at these pHs
than at pH = 3 (Fig. 53). Certainly, more experimental dataare
needed to explain the effect of aluminum on kaolinite dissolu-
tion rate and to include it in a full rate law. Thisis beyond the
scope of the present paper, however.

The range of aluminum concentrations in the experiments
that were used to examine the effect of pH on dissolution rate
at 25°C (Fig. 4a) is 110 °t0 610~° M. Ascan be seen in Fig.
5 dissolution rate at 25°C and pH 3 is not affected by changes
in aluminum concentration of up to 810> M. The range of
aluminum concentrations in the experiments that were used to
examine the effect of pH on dissolution rate at 50°C and 70°C
(Fig. 4b and ¢) is 110~ ° to 1105 M, for experiments con-
ducted at pH = 3to 4.5. If the duminum inhibition at pH 3 to
4.5 is similar to that observed at pH 3 (Fig. 5), then the rates
shown on Figures 4b and c at this pH range are inhibited by up
to 10% at 50°C and by up to 25% at 70°C. At pH 0.5t0 2.5 at
50°C and 70°C (Fig. 4b and c) the range of aluminum concen-
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Fig. 5. The effect of aluminum (aand b) and silicon (c) on kaolinite
dissolution rate. The data at 150°C is from Oelkers et a. (1994). The
dissolution rates in (b) are normalized by dividing the measured dis-
solution rates by the dissolution rate obtained at the same temperature
and pH with minimum auminum concentrations.

trations in the experiments is 7107 ° to 2.7107° M. If the
auminum inhibition at pH 0.5 to 2.5 is similar to that observed
at pH 3 (Fig. 5), then the rates shown on Figures 4b and c at this
pH range are inhibited by up to afactor of 2 at 50°C and up to
afactor of 3 at 70°C. However, four experiments conducted at
pH = 2 and 2.5 (Fig. 5a), show no significant aluminum effect
on kaolinite dissolution rate at 70°C. Therefore, it seems that
using the pH 3 data to estimate the possible effect of aluminum
on dissolution rate below pH 3 would overestimate the effect.
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Due to the relatively low aluminum concentrations in the
experiments that were used to examine the effect of pH on
dissolution rate in the present study, the aluminum effect on the
general shape of the log rate vs. pH plot (Fig. 4) is relatively
small. Therefore, in the following discussion we use the mea-
sured rates in our model, without attempting to correct for the
effect of aluminum inhibition.

5.1.2. The effect of silicon

Figure 5c shows that increasing Si concentration in solution
from less than 5 uM to more than 600 uM at pH 3 and 70°C
does not affect the dissolution rate. This is in agreement with
the results of Devidal et a. (1997), in which the presence of Si
in acidic conditions neither inhibits nor catalyzes the kaolinite
dissolution reaction.

5.1.3. The effect of degree of saturation

The AG, of the kaolinite dissolution reaction is a strong
function of pH and of Al and Si concentrations. If the disso-
Iution rate varied due to changes in AG, in the different
experiments, as the pH and the output concentrations varied,
then the calculated pH reaction order will include a spurious
contribution. This problem would be minimal only in the “far-
from-equilibrium” dissolution plateau region, which is defined
astheregionin rate vs. AG space where thereis no direct effect
of the degree of saturation on dissolution rate. As the dissolu-
tion rate of kaolinite is directly affected by the pH and the
aluminum concentration, changes in pH and aluminum will
cause an indirect effect of the degree of saturation on dissolu-
tion rate. In contrast to aluminum, silicon does not affect
dissolution rate under far from equilibrium conditions. There-
fore, the direct effect of the degree of saturation on dissolution
rate, may be examined by manipulating the silicon concentra-
tion, aswasdone by Nagy et a. (1991). Nagy et al. (1991) have
shown that the dissolution plateau for kaolinite at 80°C is
reached for AG, < —2 kca/mal, i.e, for AG, below —2
kcal/mol kaolinite dissolution rate is not directly affected by the
degree of under saturation. The results of Mogollon et d.
(1996) show that the dissolution plateau for gibbsite at 25°C is
in very good agreement with the results of Nagy and Lasaga
(1992) at 80°C. Assuming that the dissolution plateau for
kaolinite is similarly independent of temperature, our experi-
mental range of AG,, namely —5.6 to —39 kcal/mol (Table 1),
is well within the dissolution plateau. Therefore, our dissolu-
tion rates should be independent of the deviation from equilib-
rium.

5.1.4. The effects of ionic strength, Na* and CIO,

One of the advantages of flow-through experiments is that
the pH is maintained constant at steady state by the balance
between the H™ consumption and the differences in pH be-
tween the input and output solution. Therefore, it enables the
determination of the dissolution rate at a constant pH, without
requiring a pH-stat or buffers that may influence the reaction
rate. All the experiments at 25°C and some of the experiments
at 50°C and 70°C were performed under relatively low ionic
strength conditions using different concentrations of HCIO,
solutions. The drawback of such an experimental setting is that
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Fig. 6. Comparison of dissolution rates in experiments conducted
under constant ionic strength and CIO, concentration of ~ 0.032
mol/L with those obtained without adding NaCIO,, i.e., where H" =
CIO, (see text).

changing the acid concentration changes both the pH and CIO,
concentration. The solution ionic strength in these experiments
ranges from 0.000032 mol/L (pH 4.5) to 0.32 mol/L (pH 0.5).
Thus the lower the pH, the higher the ionic strength. As a
consequence, enhancement of dissolution rates as pH decreases
may be affected by an increase in the ionic strength or in CIO,
concentration. To study these effects a second set of experi-
ments was conducted at 50°C and 70°C and pH range of 1.5to
4. In this set a constant ionic strength and CIO, concentration
of ~0.032 mol/L was maintained by adding suitable amounts
of NaClO, into the input solutions (Table 1). By doing this,
Na* concentration increases as the pH increases whilst CIO,
concentration remains constant (~0.032 mol/L). Figure 6 com-
pares dissolution rates in experiments conducted under constant
ionic strength to those obtained without adding NaClO,, i.e.,
where H" = CIO;. In al experiments at 70°C and most
experiments at 50°C the two sets show the same dissolution
rates. The exceptions are the 50°C experiments at pH = 3 and
4, At pH = 3 the dissolution rate is slower in the experiment in
which NaClO, was added, than in those experiments where the
input solution contain only HCIO,. At pH = 4 an opposite
trend is observed, i.e., the dissolution rate is slower in the
experiment that contains NaClO,. Currently, we do not have a
sound explanation for these effects. For the purpose of model-
ing the effects of pH and temperature we decided to use
primarily the rates that were obtained under constant ionic
strength, but include in the data set some experiments that were
conducted under conditions in which H" = ClO;. As the
effect on the rate is small to insignificant, the results of the
modeling will be only dlightly influenced by this decision.

5.2. The Effect of pH on Dissolution Rate

To describe a full rate law of a reaction, it is important to
determine how many mechanisms control the reaction rate
under the examined range of environmental conditions. As the
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observed pH dependence of the rate may be described by a
linear trend on alog rate vs. pH plot (Fig. 1), the reaction may
be modeled reasonably well using Egn. 1 and a single proton-
promoted reaction mechanism. Any attempt to use a more
complicated model, in which the rate is governed by two (or
more) reaction mechanisms, is justified only if one shows that
the changes in lope with pH, on the log rate vs. pH plot, are
significant and do not reflect experimental noise. Close exam-
ination of the data (Fig. 4) clearly shows that the slope varies
with pH at all temperatures and that the rate is constant or
amost constant in an intermediate pH range. To support this
observation we conducted duplicates and triplicates of some of
the experiments in this intermediate stage, and as can be seen
in Figure 4, the scatter of the replicates is relatively small,
indicating that the observed plateau is significant. Moreover,
similar ranges in which kaolinite dissolution rate under acidic
conditions is independent of pH were obtained in previous
studies (e.g., Wieland and Stumm, 1992; Ganor et al., 1995).
Therefore, we suggest that the overall dissolution rate of ka-
olinite under acidic conditions is governed by two reaction
mechanisms.

5.2.1. The proposed model

The following model is based on three assumptions. 1)
Kaolinite dissolution rate under acidic conditions is controlled
by two independent parallel reaction paths, 2) Each reaction
path consists of fast adsorption of a proton on a different
surface site followed by a slow hydrolysis step; 3) The adsorp-
tion of the protons on each of these surface sites may be
described by a simple independent Langmuir adsorption iso-
therm:

bi * aH+

Xiads = Fim (8)

where F; is the maximum surface coverage of protons on sitei,
b, is a constant related to the energy of adsorption on sitei and
a,+ is the activity of protons in solution.

Adsorption of a proton on a surface site close to the metal
influences the bond strength and thus affects the dissolution
rate. If steady-state conditions are maintained, the rate of this
reaction path is (Lasaga, 1981):

Rate,
7 =k Xi,ads (9)

where k. (s™%) is the rate coefficient of this path, p, (mol m~2)
is the density of reactive surface sites on the mineral surface
and X; .4 iS the molar fraction of the surface site that is
protonated. Substituting the Langmuir adsorption isotherm
(Egn. 8) into Egn. 9, gives:

Rate; K b - ay+ 0
pr i'F‘l+bi-aH+ (19)
As the two pardlel reaction paths are independent of each
other, the overall dissolution rate will be the sum of the rates of
the two paths, i.e,

Rate b, - ay: b, ay:
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Fig. 7. Comparison of the prediction (black solid curves) of the
proposed model at constant temperature (Eqn. 11) with the measured
dissolution rates at (a) 25°C, (b) 50°C, and (c) 70°C. The dotted line
and the dashed line are plots of the first and the second terms in Eqn.
11, respectively, i.e., of the pH dependencies of the two reaction paths
(see text). The solid gray curves are curve fits that were achieved with
very small b, (see text).

5.2.2. Fitting the proposed model to the experimental data

For each temperature, the coefficients k; = K,Fip,, K, =
K;F 5p,, b; and b, were calculated from a non-linear regression
of Egn. 11 using least squares (Fig. 7). For the 25°C the black
solid line in Fig. 7a is the best-fit curve that is described by:
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Rateye — 2.7+ 10 4. - 0000 &
Al€osc = 2 1+ 18000~ ay:
7.7 an
T o DU M =
+14:107 oo R 0,96 (12)

The dotted line and the dashed line are plots of the first and the
second terms in Eqn. 12, respectively, i.e.,, of the pH depen-
dencies of the two reaction paths. As can be seen, the first
reaction path solely dominates the overall rate above pH 2.5.
Between pH 2.5, in which 89% of the rate is due to the first
reaction path, and pH 1, in which only 30% of the rate is due
to the first reaction path, the two reaction paths influence the
rate. Only at pH 0.5, the second reaction path solely dominates
the overal rate. As aresult, the fitting of the experimental data
to the first reaction path is much more sound than the fitting to
the second reaction path. Therefore, different combinations of
the two coefficients in the second term yield similar curves that
adequately describe the experimental data. For example, the
gray solid line in Figure 7a was obtained by replacing Kk, and
b, with values of 10™2 and 5105, respectively.

The small value of b, (5107%) impliesthat at pH 1 less than
0.002% of the available sites are protonated. It is not very
probable that the overall rate will be dominated by the second
reaction path when such a small fraction of the site is proton-
ated. Therefore, athough both curves adequately describe the
experimental data, Eqn. 12 is much more reasonable. At 50°C
and 70°C the best-fit curves (solid gray curvesin Figs. 7b and
c) were achieved with a very small b, vaue. Therefore, in
fitting the experimental data we force the value of b, to be 2, so
40% of the second reaction site would be protonated at pH 1.
The resulting curves (solid black curvesin Figs. 7b and c) are
amost identical to the best fit curves (gray curves) and are
described with the following coefficients: at 50°C (R* = 0.92)
— Kk, =3910%, K, =3510"" b, = 1500 and b, = 2; at
70°C(RP=0.94) — kK, = 4210 % K, =2310"" b, = 170
and b, = 2.

5.3. The Effect of Temperature on Dissolution Rate

The temperature dependence of the dissolution rate generally
follows the Arrhenius law:

Rate = Ae &~ (13)

where A is the preexponentia factor, E, is the apparent acti-
vation energy, R is the gas constant and T is the temperature
(K). To obtain the apparent activation energy experimentaly, it
is common to conduct several experiments at different temper-
atures while all the other experimental variables (e.g., pH) are
held constant. By plotting the natural log of these dissolution
rates vs. 1/T, an apparent activation energy may be calculated
using Egn. 13 from a least squares estimate of the slope of the
plot (Fig. 8d). A critical assumption in calculating activation
energies using this method is that the preexponential factor, A,
is the same in al experiments. This preexponential factor
includes other effects of the experimental variables on the rate.
As mineral dissolution is a surface process, the pH effect on
dissolution rateis controlled by protons adsorbed on the surface
(Egn. 2) and not directly by the pH. Therefore, conducting
experiments under the same pH is not enough to keep the
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Fig. 8. (a) Arrhenius plots of kaolinite dissolution calculated at
constant pH of 2 and 4.5. The arrows show the correction needed to
change the Arrhenius plot at constant pH of 4.5 to an Arrhenius plots
at constant surface coverage of protons. (b) The change in molar
fraction of the proton surface coverage of the first surface site as a
function of pH as is predicted by the proposed model (c) The natural
log of the ratio between the surface coverage at 50°C and 70°C and the
surface coverage at 25°C, which may be used as correction for Arrhe-
nius plot calculated for constant pH.

preexponential factor constant, and one should keep the surface
concentration constant. Figure 8b plots the change in molar
fraction of the proton surface coverage of the first surface site
asafunction of pH at 25°C, 50°C and 70°C as predicted by the
proposed model, i.e., by the best fit of the Langmuir part of the
first term in Egn. 11. As the pH dependence of the surface
coverage varies with temperature, dissolution rates at the same
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pH and different temperatures are influenced by different pro-
ton concentrations on the surface. For example, at pH 4.5 the
proton surface coverage is 36%, 4% and 0.5% at 25°C, 50°C
and 70°C, respectively. If the dissolution rate is linearly pro-
portional to the surface coverage it is possible to predict the
dissolution rate at a certain surface coverage (y) based on rate
measured at another surface coverage (x) from the equation:

Ratey; oy = Rate; " X

(14)
For example, to calculate the dissolution rate at 50°C and 70°C
under the same surface coverage as at 25°C (i.e., 36%) the rate
should be multiplied by factors of 9 (=36/4) and 72 (=36/0.5),
respectively. The natural log of the correction to the surface
coverage at 25°C, i.e, the In of the ratio between the surface
coverage at 50°C and 70°C and the surface coverage at 25°C,
is plotted as a function of pH in Fig. 8c. The proton surface
coverage at 25°C and pH = 2 is similar to those at 50°C and
70°C at the same pH (Fig. 8b) and therefore the corrections are
small (Fig. 8c), and the slope of the Arrhenius plot (Fig. 8a) is
acceptable. At pH 4.5 on the other hand, Figure 8c shows that
the natural log of the dissolution rate on the Arrhenius plot at
50°C and 70°C should be shifted upwards by 2.1 and 4.1 U,
respectively, to obtain activation energy under constant surface
coverage. Such a shift (arrows on Fig. 8a) will result in amajor
change in the slope of the Arrhenius plot and the calculated
activation energy. We suggest that the pH dependence of the
apparent activation energy that was observed by Carroll and
Walther (1990) is an artifact of the differences in the pH
dependence of the proton surface coverage at different temper-
atures.

A pH-independent apparent activation energy for each of the
reaction paths is calculated by plotting an Arrhenius plot (Fig.
9a) of the rate coefficients (K, and k,) at 25°C, 50°C and 70°C,
which were obtained from thefitting of the experimental datato
the proposed model (Egn. 11). The obtained activation energies
are 23 £ 1 and 23 = 2 kcal/mol for the first and the second
reaction path, respectively. For both reaction paths, the Arrhe-
nius plots show excellent linearity (R > 0.99). It is important
to note that the excellent linearity of the Arrhenius plot was
achieved, even though the rate coefficients of the first reaction
path were determined independently at 25°C, 50°C and 70°C,
based on the experimental data and the proposed model. This
good linearity and the reasonable value of the activation energy
provide independent support for the proposed model. As was
discussed earlier, the rate coefficients of the second reaction
path are not well constrained by the data, and therefore the
activation energy calculated from these coefficientsis even less
constrained.

5.4. The Combined Effect of pH and Temperature on
kaalinite Dissolution Rate

The apparent activation energies discussed above were de-
termined from a best-fit of rate coefficients that were obtained
by fitting the experimental results at each temperature. Alter-
natively, it is possible to fit the entire data set to a combined
equation that describes both effects of pH and temperature.

.. Ea = 2342 kcal/mole
. (R?=0.998)

In(dissolution rate)
U
[\")
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Ea = 23+1 kcal/mole
(R*=0.995)
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Fig. 9. () Arrhenius plots of kaolinite dissolution calculated from
the rate coefficients that were obtained from the fitting of the experi-
mental data to the proposed model (Eqgn. 11). (b) Plot of natural log of
the b coefficients of the first reaction path that were obtained from the
fitting of the experimental data to the proposed model (Eqgn. 11) versus
the temperature reciprocal.

Substituting the rate coefficients in Eqn. 11 by Arrhenius terms
(Egn. 13) gives,

Rate b, - ay-
T LA EuRT, 1 FHT
pr Are Fig ¢ b, - ay-
b2 M aH+
Lo ERT, p T2 THT
+A,-e le + by an (15

As b, and b, are constants related to the energy of proton
adsorption on their respective sites, their values depend on
temperature. This temperature dependence may be evaluated
recaling that the b constant in the Langmuir adsorption iso-
therm is the equilibrium constant of the protonation reaction
and therefore its temperature dependence may be written as:

b = e FR. @ 8HIRT — | . @ AHIRT (16)

where AS® (cal mol~* K™?) is the entropy, and AH® (kcal
mol ~ 1) is the net enthalpy of adsorption. Following Sverjensky
and Sahai (1998), the standard states for both surface and
aqueous species are assumed to reflect hypothetical 1 molal
solutions referenced to infinite dilution and a surface potential
of zero at 25°C. The temperature dependence of the b constant
in the Langmuir adsorption isotherm may be described using
Eqgn. 16 and assuming that the heat capacity, AC,,, is equal to
zero, and therefore AH® is temperature independent. This last
assumption may be examined by plotting the natural log of the
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b coefficients of the first reaction path at 25°C, 50°C and 70°C,
which were obtained from thefitting of the experimental datato
the proposed model (Egn. 11), versus the temperature recipro-
cal (Fig. 9b). The linearity of the plot indicates that the tem-
perature dependence of the calculated b coefficientsis properly
described by Eqgn. 16 with constant AH®. The net enthalpy of
adsorption on the first surface site is calculated by multiplying
the slope of the regression line in Fig. 9b by the gas constant,
and found to be AH® = —21 + 1 kcal/mol. Thisvalueiswithin
the range of —7.9 to —23.1 kcal/mol, experimentally obtained
for oxides (Sverjensky and Sahai, 1998). The reasonable tem-
perature dependence of the b coefficients is yet another indi-
cation for the validity of the proposed model. Since the fitting
coefficients of the second reaction path are poorly constrained,
they are not adequate for calculation of adsorption enthalpy.

The estimation of AHC discussed above was done in two
stages: first, the b values were obtained by fitting the experi-
mental data at each temperature to Egn. 11; and second, AH®
was obtained by fitting the b values to Egn. 16. To fit the whole
data set into a single equation, Eqgn. 16 is substituted into Eqn.
15:

. a—AHYRT
@ A o EalRT. F Ko - €71 ay+
A 0
pr 1+ Ko - e 4R g

0
. K02 . efﬁHZIRT - ay
+ Ay e BT

17
1+ Ko, e MR g (@7)

Eqgn. 17 describes the combined effect of pH and temperature
on kaolinite dissolution rate. The coefficients k', = A;Fip,, K,
= AFop,, Eai, Eao Koy Koa AHS and AHS were calculated
from a multiple non-linear regression of Eqn. 17 using least
squares. The resulting coefficients are k', = 200 mol m~2s™ 4,
K,=510"mol m ?s % E,, = 22 kca mol *, E,, = 28 kcal
mol %, Koy = 21072, Ko, = 141077, AHO = —19 keal
mol ~* and AH9 = —10 kcal mol ~*. The regression coefficient
is R? = 0.97. Substituting these values into Eqn. 15 yields,

2-10710. g%, g,

. 9.102. a—22RT,
Rate=2-10°-e 1+2_10—10_e19/RT_aH+

1.4-1077- 9% . g,

. 107. a—28RT,
+5-10%-e 1+14-10 7-ePF. 4,

(18)

A comparison between the prediction of Egn. 18 and the
experimental data at 25°C, 50°C and 70°C is shown in Fig. 4.

A by-product of the modél fitting (Egn. 18) isthat it predicts
the molar fraction of protonated sites on each of the two surface
sites. Ganor et al. (2002) compared this prediction to protona-
tion data obtained from surface titration, and found an excellent
agreement between the surface charge prediction of our pro-
posed model and the independent surface charge measurements
of Huertas et al. (1998). This agreement strengthens the pro-
posed model.

6. SUMMARY AND CONCLUSIONS

Steady-state kaolinite dissolution rates were examined using
non-mixed flow-through reactors. The experiments were con-
ducted at 25°C, 50°C and 70°C in a pH range of 0.5to 4.5 at
far-from equilibrium conditions (—5.6 < AG, < —39 kcal

mol ~%). It was found that kaolinite dissolution rate increases
with temperature and decreases with pH.

The results of the present study are insufficient to construct
afull rate law of kaolinite dissolution under acidic conditions.
However, they indicate that (in the absence of catalysts) the rate
of kaolinite dissolution at pH range of 0.5 to 4.5 is controlled
by two independent parallel reaction paths. Each reaction path
consists of fast adsorption of a proton on adifferent surface site
followed by a dow hydrolysis step. We do not have any
information regarding the identity of these active sites. Our
proposed mechanism is similar to that proposed by Huertas et
a. (1999) for the proton-promoted reaction of kaolinite at
25°C. In their model, Huertas et al. (1999) suggested that the
two active sites that control the rate under acidic conditions are
the edge and basal Al sites. The results of the present study
neither support nor contradict this suggestion.

The first reaction mechanism controls the overall dissolution
rate at pH = 2.5, whereas the second mechanism controls it
below pH 0.5. Between pH 0.5 and 2.5 both reaction paths
influence the rate.

The results of the proposed model show that by proper
separation of variables, the kaolinite dissolution rate may be
described by a rate law using activation energies that are
independent of pH. The apparent pH dependencies of the
activation energies obtained by Carroll and Walther (1990) isa
result of including the adsorption enthal py term, which depends
on the pH, in the activation energy term, as was also argued by
Casey and Sposito (1992).
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