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precipitate of the form CuX Ca

ABSTRACT

The interaction of Cu ions in solution with the surface of calcite
has been studied in a range of solutions from pure water to. seawater.
Observations of the uptake of Cu from solution onto calcite indicates
that the process is rapid and strong in both distilled water and seawater.

In distilled water, Cu uptake is directly proportional to the con-

centration of Cu in solution; Cus = KsCu The average value for KS is

1"

3.5 + 137. The CuS dependence on Cu, is linear over the entire Cu con-

1
centration range studied (0.1 to 200 uM). Results do not indicate the

formation of a precipifaté of either malachite or copper carbonate. A
1-x COj may be deposited onto the calcite
sufface in distilléd water. The valueiof.KS in distilled water decreased

; : ' -1
sharply over the solid to solution ratio range of 0.1 to 2 g Ca003 1.

ThiS'Was.f01lqwed by a small change in Ks for solid to solution ratios

in the range of 2 to 10 g CaCoO lhl.

3

In seawater, the uptake of Cu is also directly proportional.to the

concentration of Cu, up to a limiting value of approximately 13 uM. The

1

average value for KS in seawater, 0.24'110.06 (Cu, <13 uM), is appfox_

1

imately an order of magnitude less than in distilled water. This is

probably the result of smaller Cu1

site competition by other ions in seawater. Attempts to increase the

activity coefficients and increased

Cu1 concentration above 13 pyM resulted in the additional Cu being deposited
on the surface of the calcite. A possible explanation for this behavior
is the formation of a precipitate of malachite on the calcite surface.

The value of KS decreased slightly with increasing solid to solution ratios

in seawater.
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INTRODUCTION

The interaction of dissolved trénsition»metals withvsoiid surfaces
in natural aquatic environments exerts a strong influence on their trans-
portation, distribution and biologic availability. Most work published
in recent years has dealt with the sorption behavior of transition metals
on the suffaces of solids such as clays, metal oxides, aluminas and silica.
These studies have generally assumed that sorption takes place thfough‘an_
ion—exéhangevtype of‘reacﬁion (1). They have dealt with such factors as
complexing agents in solution (2,3) and changes in adsorption with pH (4,5).

A major solidfcomponent-of many fresh water and marine environments
which has not been carefu1ly investigated for its su;face interaction with
transition métals_is_caléium carboﬁate; 'Most.fecent studies of the
association of transition metals with calcium carbonate have focuséd on:the
transition metal content of biogenic carbonates or on: distribution céeffi—
ciehtsf(KD) in co-precipitation reactions. Boyle (6), for example,
determined the transition metal to calcium mole fractions for Cd, Zn, and

Cu in pelagic Foraminifera (Calcité), while Lorens (7) determined KD for Cd,

Mn, Co and Sr as a function of calcite precipitation rate from Mg-free sea-

water. The results of these examinations of biogenic calcium carbonate and

experimental co-precipitation measurements of KD have produced distinctly

different results, probably indicative of the different processes of

-calcium carbonate formation. While these types of studies have provided.

valuable information on the removal of transition metals from solution by
co-precipitation reaction, little is known about the sorption behavior of

transition metals on carbonate surfaces.



In this investigation the»interaction of copper with the surface of
calcite in a fange of solutions from pure water to natural seawater has
been chosen for study. The primary reasons for choosing copper was that
it forms strong complexes with carbonate iﬁns in solution, indicating that
it may have a strong interaction with calcium carboﬁate éurfaces, and the

~general environmental interest in the‘behayibr of éopper in natural systems

due to its toxicity.

MATERIALS AND METHODS

Two mediums were employed‘for'the coﬁper adsorption studies. The
first medium was distilled ﬁatervsaturated with calcite at a pH of 8.1,
The second medium was filtered (0.4 um NucleporéBB surface Gulf Stream
seawater with a saliniﬁy of 36°/00. The seawater was equilibrated with
reépect ta calciteﬁby~alkalinity adjustment with HC1 and equilibration

with atmospheric PCO . The pH of the resulting solution was 7,85.
Co, ,

Mallinckrodt brand reagent grade calcium carbonate was used as the

" calcite soﬁrce for all experimeﬁts. X-ray diffraction analysis indicated
the calcium'cérbonéte to be greater than 997 calcite. Absolute surface
area of the calcite was detefmined by the Kr-BET method of de Kanel and
Morse (8) and was found to be 0.55 m2 g_l.

Copper solutions were prepared in the medium to be studied from a

1;000 ppm atomic absorption standard. Solutions for standardization of the
atomic absofption unit were prepared ffesh daily in the medium being studied.
So as to-minimize container surface adsorption, the standards were acidified

with dilute nitric acid. Weakly acidified copper standards were used in the

uptake experiments. The addition of small amounts of these dilute acid
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solutions caused a negligible change in the alkalinity of the resulting
solution.

Copper analysis was performed using graphite furnace atomic absorption
spectrophotometry. Two instruments were empléyed. A Hitachi-Zeeman effect
AA unit, model 170-70 with an autosampler was used for copper analysis of
the distilled water samples. A Perkin Elmer, model 403 AA unit with an

HGA 2100 controller, a D2

used for copper analysis of the seawater samples. On both units the maxi-

background corrector, and an autosampler was

mum uncertainty in the 1 to 4 uM copper concentration range was found to be
within 10%Z. Copper concentrations greater‘than 4 uM were determined using
dilutions with the medium being studied.

Initial experiments indicate& that copper has a high affinity for thé
surface of reaction vessels. At the low levels of copper ion.con¢entrations
employed in this study, a significant adsorption of copper onto the éurfage»7
of thegcoﬁtainers was encountered. REGent1y £his problem has been noted by
several authors (5;9,10,11). :Reaction vessels constructed from a.variéty of
different materials including teflon, nalgene; polyprobylene, and pyrex
glass, were tested. Teflon; polypropylene, and nalgeﬁe containers all exhi-
bited similar affinity for copper. Tﬁis adsorption was found to be on the
order of 40 perceﬁt in the distilled water medium and 20 percent in the sea-
water medium. The adsorption was relétively constant from container to

container and was independent of the total copper concentration over the

‘range studied. The adsorption was very rapid during the first hour, but

slowed and remained relatively constant for the next 24 hours. In the case of
pyrex glass surface, these surfaces showed a largef affinity for the copper

ions, and a greater variability between similar reaction vessels. Also, in

pyrex glass containers, the copper concentration in solution did not attain




é steady state for time periods of up to’48 hours. For these reasons,
pyrex glass reaction vessels were considered to be undesirable and were
not employed in these studies.

Desportion off the walls of the reaction vessels was also investigated.
The container-surface equilibrafed copper solutions were dilﬁted or replaced
with the medium being studied and'allowed_to stir for 3 hours. 1In all
solutions fhere.was no detectable desorption from the container surface to
thévsolution.

Suspension of the calcite was maintained by stifring with teflon-
coated magnetiC»stirring bars or by.cbnfinuous shaking of the solution.
The results qbtained were independent of the mixing proéedﬁre or the
plastic reactién vessels uséd. In all uptake experiments sufficient time

was allowed prior to calcite addition for container surface adsorption to
pass through the rapid uptake phase (one to three hours). The initial
copper concentration was determined in each case just prior to adding the
desired amount of calcite.

The solution was separated from the solid phase by.centrifugation.
Centrifuge tubes were prerinsed with the solution to decrease container
surface adsorption. Aliquots of the centrifuged solution were acidified
with dilute nifric acid. A comparison of the copper concentrations of
centrifuged solutions with‘filtefed solutions of the same sample were
found to be consistent within the limits of the precision of the cbpper
déterminations. |

Two methods wefe used for the uptake experiments. The method used
most frequently was the addition of the desired amount of calcite to the
copper solution. The copper concentrafion in solution (Cul) was measured

immediately before and one-half hour after the addition of the calcite.

o= b =




The uptake.of copper from solution onto calcite was determined by the
amount of éopper lost from the solution. A second method used was to
increase either the total copper concentration or the solid to solution
ratio each ﬁélf hour. In this way, a series of ﬁptake results could be
obtained from one experiment; The coppef concentration in solution was
determined as p?eviously mentioned. The total coﬁper (dissolved plus

that on CaC03), Cu,,, was determined using one or more of the following

T’
three methods: 1) when the total copper concentration was not increased

- during the uptake experiment, Cu,, was assumed to be the same as the

T
copper concentration before the addition of calcite; 2) by acid digestion
vof‘an‘aliquof of the total solution (solid plus 501ut£on); 3) by using
the copper concentration of a similar Biénk reaction vessel (one void of
solid»calcife). The results obtained from sample to'samble were indepen-

dent of the experimental’procédufe uéed‘and the method ﬁsed for determining

CuT;

RESULTS

One of thé major objectives of this stud& was to investigate the
kinetics of copper sorption from solution onto calcite., Initial experi-
ments indicated that the sorption of co?pe; onto calcite from distilled
water and seawater in equilibrium with calcite is rapid and stfong.
Results for the percent of coppér removed from solution onto suspended
calcite as a‘function of time are presented in Table 1 for four typical
samples.. The solutions had a range of copper concentrations from 1 to
3 l_l. In

distilled water, the sorption reaction of copper onto calcite is completed,

20 pM and solid to solution ratios from 0.1 to 10 g CaCO

or over 90% completed, during the first three minutes of interaction.
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For ;his rapid a process, an accurate time dependence for copper sorption
from distilled water could not be established during the first three:
minutes using the methods employed. The results obtained for copper
sorption from seawater exhibit a gréater variability, with the extent
of sorption being close to constant from 15 minutes to 150 hours. Based
on these results, a reactioﬁ time of one-half hour was chosen as the
time for determinafion of the equilibrium sérption concentration.

| The uptake of copper from the distillgd water mediqm onto calcite
is presented in Figure 1 and Tablé 2. The so0lid to solution ratio used
in these experimen;s was 1 g CaCO3 1—1.

The copper adsorbed onto calcite,‘CuS (umo}e Cu m-2 CaC03),

increases linearly with the equilibrium concentration of copper remaining
in the solutipn, 6u1 (uM), ovef a three order of magnitude change in the
total copper concentration. The ratio of the adsorbed copper to the
equiiibrium copper con@entratibn in soiution,'ﬁé =:Cus/Cu1, has a mean
value of 3.5 + 1.7 for these'éamples. .The line presented in Figure 1
represents’fhe legst squares fit for the log-log plot of CuS as a function
of Cul. This line has a slope of 0.90 and a coefficient of correlation of
0.95. The stippled area represents the equilibrium copper concentration
for malachite (CuZ(COS)(OH)z)solubility; The uncertéinty in Cuy is due
to the variation‘in ﬁhe pH of the solutions, which causes a variation in
the activity coefficient of Cu(II).v A KSp for malachite, calculated from
ffee energies of formation, of 4.5 x 10_33 (12,13) was used (see note).
This was then combined with the activity of the carbonate ion and the
activity coefficient of Cu(II) (see discussion) at a pH of 7.5 to 8.4 to

determine the rénge in Cu1 shown by the stippled area. The pH range from

7.5 to 8,4 represents the maximum variation in the pH of the copper

;j.._6_?




solutions employed in these experiments.

Figure 2 and Table 3 present data for the sorption of copper onto
calcite in a seawater medium with a solid to solution ratio of 1 g
CaCO3 1—1. A large increase in Cus was observed at a dissolved copper
cqpcentration of approximately 13 uM. This major removal of coppér from
solution can,only be accounted for by the fqrmation of a precipitate on
the surface of the calcite. This loss of copper from solution does not
“occur in blank solutions, e,g., solutions with the same copper concentration
in the absence of suspended calcite. At lower dissolved copper concentra-
tions, sorption increases in a close to linear manner up to 13 puM Cu,
The mean value for Ks'qver thisvrange of concentrations is 0.24 + 0.06.
The line-presénted in Figure 2 represents the least squares fit for the log-

up to 13 uM Cu This line has a

1 1°

slope of 1.17 and a coefficient of correlation of 0.97. Samples at splid

log plot of CuS as a function of Cu

to solution ratios greater than 1 g CaCO 1"1 presehted in Figure 2 were

3
‘normalized to a solid to solution ratio of 1 g CaCO3 1-¥ by the use of the
best fit line given in Figure 3B. The stippled area in Figure 2 represents
the malachite equilibrium concentration of copper (see discussion). The

Cu1 range represents an uncertainty in the activity coefficient of copper

in seawater from 0,010 to 0.006.

34

Note: A Ksp of 1.7 x 10~ has been reported by Sillen and Martel (14),

and a value of 3.5 x 10—34.has been reported by Symes and Kester (15).
These lower Ksp values shift the stiﬁpled area shown in Figure 1 to
0.19 - 0.32 uM Cu

and to 0.27 - 0.47 uM Cu,, respectively.

1’

1




The dependence of adsorption-and coprecipitation on solid surface
area to solution volume ratios has recently come under investigation. It
has generally been assumed that the sorption capacity should be directly
proportional to solid surface area. Recently, however, the anticipated
linear relationships have not been found in coprecipitation eaperiments
(16, 17, 18) and in the adsorption of americium onto ealcite (11). The
dependence of the sorption of copper onto calcite on the solid to solution
ratio has been determined in this study for seawater and distilled water
solutions. This dependence iS'presented in Tables 4 and 5 and Figure 3.
In the distilled water experiment, a sharp deerease in KS in the solid to
‘solution ratio range from.O to 2 g CaCoO 1-1 was observed. A small or

3

experimentally undetectable decrease occurs from 2 to 10 g-CaCO3 l-l.
Results obtained in seawater indicate that a.similar trend in KS with
solid to solution ratio occurs. Solid to solution ratios lees than 1 g
CaCO3 lfl could hot'be studied in seawater because the sorption of copper

onto calcite was small and the change in Cu, was less than the deviation

1

in the measurement of copper. .

DISCUSSION

The average value obtained for K in distilled water (3.5 + 1.7) is
approximately ‘15 times greater than the average value obtained in seawater

(0.24 + 0.06, for Cu, up to 13 uM). This difference in Ks is believed to

1
be due to a combination of factors involved in the sorption process in
the two mediums. First, the activity coefficient of copper in the

distilled water medium is greater than that in the seawater medium, In

distilled water saturated with CaCO

3

(E=1x 10_3) the activity coefficient.




" of copper can be calculated from the fraction of’free copper in solution
and the activity coefficient.of the free ion, obtained from the Davies
form of the Debye - Hiickel limiting law. The fraction of free copper in
solution is calculated by assuming the total copper is partitioned among
the following four forms and their respectivé stability constants at

infinite dilution (19,20):

Ca(T) = [Ca*?] + [CuoH'] + [Cu(om),] + [CuCo,].

CuHCO3+ has been neglected in the partitioning of Cu(II) because the
stability constant for this complex, 6 x 102 (20), is small compared with

the stability constant for CuCO,, 7 x 106 (20). The contribution by

32
CuH003+ to the fraction of free copper in the distilled water medium is
‘1ess'than 3 percent. in the'pH range from 7.5 to 8.4. A total acﬁivity _
vcoéfficient of Cu(Il) in thevdistiiled:water medium of 0.036 is'calculétedb
at a pH of’8} Values reported for the activity coefficient of copper in.
seawater range from 2 x 10-3 (21) to 3 x 10-2 (22). The intermediate
value of 6 x 10—3 given by Millero and Schreiber (23) has been chosen for
‘the total activity coefficient of Cu(II) in the seawater medium. This |
_differehce in the total activity coefficiént of copper in the two mediums.
would result in a‘lowér copper activity in seawater for a given concentra-
tion. This could account for the diffefence in the amount of qptake of
coppér onto the calcite surface,

‘A second major difference between the two mediums is the presence of
a large number of extraneous ions in seawater. Magnesium, for example, is

known to compete for adsorption sites on the calcite surface (24) and this

type of site competition could lower the uptake of copper onto the calcite

surfaces in seawater. This factor of site competition, along with the




other differences between the two mediums (ionic strength, calcium
concentration, etc.), could contribﬁte to the lower level of copper onto
calcite in seawater and cause a different copper cpmpound to be deposited
on the calcite surface.

The linear increase in Cus for a three order of magnitude change in
the total copper éoncentration, in distilled water at a solid to solution
ratio of 1 g CaCO3 1_1Awas presented in Figure 1. The slope of the line
obtained indicates that the uptake of copper onto calcite is directly

proportional to Cu, and follows the dependence given by Cus = Ks Cu

1
The value obtained from the y - intercept gives KS = 3.4,

1°

The maximuﬁ concentration of copper adsorbed onto the calcite surface
represents an uptake equivalent to approximately three monolayers of Cu(II)
ioné. This large an uptake of Cu(II) ioms cannot be explained by simple
adsorptidn behavior. The uptake of copper onto calcite continues to
increase in a linear manner through the malachite equilibrium copper concen-
tration shown in the stippled area.' This increase continues for two orders

of magnitude in Cu, above the malachite solubility. It is, therefore,

1
unlikely that the formation of malachite on the calcite surface can explain
the uptake of copper from the distilled water medium. The formation of
CUCOS on the calcite surface is also possible, but the Ksp_for CuCO3 (13)
is not exceeded at even the highest Cu(II) concentrations employed, and
this precipitate is also unlikely to be formed on the calcite surface at the
existing conditionmns.

Considering all of the experimental evidence, the uptake appears to be

the result of the formation of a coprecipitate of copper with calcium and

carbonate ions. A precipitate of the form Cux Cal_xCO3 is proposed for the

=110 -




uptake of copper onto calcite in the distilled water medium. An exact
value for x cannot be postulated from the experimental data at this time.
A value on the order of 0.1 seems reasonable based on the activities of
Cu2+, Caz+, and 0032— in the solutions employed, and on the solubilities
of CuCO3 and CaCO3 (13). This vglue corresponds to a distribution coeffi-
cient on the order of 6 x 102 in the solutions with a copper concentration
of 10 uM at a pH of 8. This value for KD is in reasonable agreement with
the value obtained by Lorens (18) for the Zn distribution coefficient in
calcite, 2.7 x 103. |

The uptaké of éopper onto calcite in seawater shows a dependéhce on
'Cul (Figure 2) different than hith distilled wafer. The linear increasing
1 occurs up to approximately 13 uﬁ Cu. -

Above this concentration, attempts to increase Cu

uptake onto calcite with increasing Cu
1 by dsing high initial

- copper concentrations. results only in additional sorption of Cu onto the
sﬁrface of the calcite;‘ This 1imiting solution.concentrétion at a Cui of

13 uM is’within the range of the equilibrium copper concentration calculéted
for malachite, based on Kspv= 4.5 x 10-'-33 and pH = 7.85, as shown in the
stippled area of Figure 2. The values for Ksp feported by Sillen. and Martel
(14), and by Symes and Kester (15) are lower and would shift the equiliBrium
copper malachite solubility down to approximately 3 uM, at pH = 7.85. This
value is slightly lower than that observed in this study. This apparent
discrepancy could possibly be explained by the observed variation in the pH
of the solutions where final pH values ranged from 7.85 to 7.60. A shift
in the pH from 7.85 to 7.65 causes the calculated copper concentration in
equilibrium with malachite to fall within the observed values using the Ks

P
value of Symes and Kester (15) or Sillen and Martel (14). Consequently,




the formation of a precipitate of malachite on the surface of calcite
appears to be the most likely process for the removal of copper in the
seawater medium at Cul concentrations greater than 13 uM. For Cu1

concentrations less than 13 uM, the line obtained from Figure 2 shows a

Cus uptake dependence on Cu, similar to that obtained in distilled water,

1
Cus = K; Cul. The value of K; obtained from the y - intercept (0.18) is in
réasonable agreement with the average ratio of Cus to Cul (0.24)

obtained for Cu1 concentrations less than 13 uM,

The effect of surface area on the amount of copper removed from
solution waé investigated in both distilled water (Figure 3A) and sea-
water (Figure 3B). 1In distilled water the loss of copper from solution
per unit of surface area shows a 4-fold decrease from O to 2 g CgCO3 1—1.
‘This sharp drop in uptake was followed by a small (if any) decrease in
the sorption per unit of surface area. A similar decrease in the growth
rate constant for calcite crystallization was reported by Reddy and
Gailland (17). Americium adsorption on calcite has aléo been found to n§t

be linearly dependent on the solid surface area to solution volume ratio

(11). Ome possible explanation for this behavior centers around a surface

t
v

nucleation process. Nucleated sites are formed on the surface of the cal-
cite and preferential uptake occurs on these sites. The number of sites
which become nucleated on the calcite surface is a function of both the
total surface area and the copper conceﬁtration in solution. TFor a given
solid to solution ratio, more sites becomevnucleated at higher copper
concentration, but the percent uptake remains relatively constant. At low
solid to solution ratios, there is a greater chance of nucleation at more

sites per unit of surface area, compared with higher solid to solution

-12 ~




ratios. Preferred sorption at the nucleated sites resulﬁs in a larger
uptake per unit surface area at lower solid to solution ratios. This
difference in.uptake may be similar to polynuclear Qersus mononuclear
growth mechanisms on surfaces (25). In the case of the seawater medium
(Figure 3B), the possibility of a similar mechanism exists, but there is
insufficient data to draw a conclusion_qn the uptake of copper onto

calcite as a function of solid to solution ratio.

CONCLUSION

The results of this study on the uptake of Cu from solution onto.
calc;;e indicate'a rapid and strbng uptake in bpth distilled water and
seawater, The uptake;is c0m§1ete, or nearly comp}ete, in three minﬁtes
in both mediums. 'The average value 6btained for Ks'inbdistilled water
(3.5 + 1.7) iS“apprbximater‘IS times greater than the average value

obtained for K in seawater (0.24 + 0.06 at Cu, concentrations < 13 uM).

1
This_diffhrence is attributed to the difference in the activity coeffi-
cient of Cu in the two mediums and the competition for adsorption,si;es
by other ions, -such as Mg, in séawafer.

Two differeﬁt,processes are pfoposed for the uptake of Cu in the
two different mediums. In distilled water, the uptake is direétly propor-
 tional to the copper concentration in solutionm, Cui. The CuS dependénce
on Cu, remains linear throughout the entire Cu concentration range studied

1

and does not indicate the formation of a precipitate of either malachite
or copper carbonate.v Because this uptake represents the equivalen; of
three monolayers of Cu(II) ions on the calcite surface, at the high Cu

concentrations, a precipitate of the form Cux Ca % co

1~ may be deposited

3
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onto the calcite surface in the distilled water medium.

In seawater, the Cus dependence on Cu, remains close to linear up to

1

a Cu1 concentration of approximately 13 yM. An increase in the Cu1
concentration to higher values causes the additional Cu to be deposited

on the surface of the solid, A value of Cu, equal to 13 uM is in the

1
rapge-of Culvconcentratiohs predicted from the equilibrium malachite
solubility in seawater. ‘The formation of a precipitate of malachite on
the calcite 'surface may, therefore, explain the adsorption pattern of Cu
onto calcite in séawater.

The dependerice of Ks on the solid to solution-rgtio was investigated
in diétilled water from 0.1 to 10 g CaC03.1-1. ‘A sharp decrease in K, |
from 0.1 to 2 g CaCO3 1_l was observed followed by a sméll change in KS

from 2 to 10 g CaCoO 1_1. This decreasing adsorption with increasing

3 .
surface area can be explained. by a surface nucleation proéess. ‘More
adsorption sites per unit surface area.are nucleated at low solid to
solution ratios than with high solid to solution ratios. Preferred
ﬁptake 6ccurs on thé nucleated sites resulting in a larger value of KS

at low solid to solution ratios. There is evidence for a vefy slight

decrease in Ks_with increasing solid to solution ratios in seawater.
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FIGURE 1.

FIGURE 2,

FIGURE 3.

- s0lid to solution ratio of 1 g CaCO

FIGURE CAPTIONS

The uptake of copper onto calcite in distilled water at a
-1 '
3 1.

represents the equilibrium copper concentration for malachite

The stippled area

solubility for a pH range from 7.5 to 8.4.

The uptake of copper onto calcite in seawater at solid to

solution ratios ranging from 1.0 to 10.0 g CaCO3 1_1. The

stippled area represents the equilibrium copper concentration

fof malachite solubility (pH = 7.85) for a rénge in the total
;ctivity coefficient of copper from 0;006 to 0.010.

KEY: @ 1.0, v 3.0, 4 5.0, & 5.5, 8 5.8, + 7.5,
o . 17t | |

X 10.0 g CaCo,

Ks as a function of solid to solution ratio in A. distilledx_

water and B. seawater.
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CuT = 2.8 uM in DW

CaCO3(s) =0.1 g/1

A

Medium D W

TIME % Cu ADSORBED
0 min 0

3 " 39
10 " 26
30 " 31
45. A 23
60 . " 38
150 " 26
300 " 36
" MEAN (> 3 min)

31 * ex

'TABLE 1

COPPER UPTAKE ON CALCITE WITH TIME
B - c

CuT_= 1.1 uM in DW
CaC04(s) = 1 g/1

Cu, = 3.7 uM in SW

CaC03(s) =1 g/i

Medium D W . o Medium S W

TIME % Cu ADSORBED TIME % Cu ADSORBED
0 min 0 » ‘0 nin 0
3" 59: - 15 " 9
6 " 64 40 g 6
15 " 67 : 135 " 6
30 " 70 . 250 " 12
60 " | 64 24 hrs 18
180 " 71 50 " 8
300 " 69 75 " 8
150 " 16
MEAN (> 3 min) MEAN (> O min)
68 = 3% o 10 ¥ 51

D

T

Cu. = 3.7 uM in SW

CaC0,(s) = 10 g/1

Medium S W
TIME - ‘% Cu_ADSORBED
0 min | 0
15 n 31
40 " 34
135 " 33
250 " 44
24  hrs 36
50 | " 38
75 " 37 .
150 "

44

MEAN (> O min)

37. % 59
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TABLE 2

COPPER UPTAKE ON GCALCITE FROM DISTILLED WATER

TOTAL Cu_(ppb) PERCENT UPTAKE S K, NUMBER OF
: oy | 1 REPLICATES
(umole Cum ) (M mole Cul ™)
0 - 100 62.4 + 7.6 3.0+ 1.2 | 22
100 - 500 64.2 + 11.4  3.9.42.3 | 25
500 - 1,000 70.9 + 8.5 S 4.9 + 1.8 16
1,000 - 2,000 55.4 + 13.2 2.6 + 1.3 . 15
2,000 - 5,000 53.0 + 11.7 2.3 + 1.0 | 8
5,000 - 15,000 60.0 + 0.8 ' , 2.7 +0.1 4
TOTAL AVERAGE - 63.7 + + 1.7 90

12 ) 3.5

All experiments conducted with a solid to solution ratio of 1 g calcite per liter.
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TABLE 3

COPPER UPTAKE ON CALCITE FROM SEAWATER

Total Cu - ‘ Cu Remaining in Solution : Peréenf Uptake Ks
pmole Cu 1'-1 . ymole Cu 1‘l - B (imole Cu m—z)(umole Cu 1-1)_1

164 0 1.48 | 9.6 " 019
2.30 2.01 ;; 12,5 V 0.27
3.34 283 153 - 0.32
3.72 - 3.3 - 102 | . o.21

10.24 . 9.02 | - s 0.2

11.65 - 9.95v" , , 14.6 o 0.31

14.43 _ 13.23 . i 8.3 ' ‘ 0.16

18.90 . 14,05 , 25.7 : ) 0.63 |
19.50 - 1575 K | 19.2 - 0.4 E L
23.92 17.56 ' 2646 - ~0.66 .
23.94 O 14.87 37.9 | | 1.11

289.13 ' 9.29 -~ 96.8 | B 54.8

308.66 9,92 R 96.8 - 564.8

308.66 - 5,98 | 08.1 | 92,0

308. 66 | 13.23 | : 95,7 - 40.6

All experiments conducted with a solid'to'solution ratio of 1 g calcite per liter.




TABLE 4

COPPER UPTAKE ON CALCITE IN DISTILLED WATER: DEPENDENCE ON SOLID TO SOLUTION RATIO

K

Suspended Calcite Range of Total Cu Percent Uptake s | Number of
-1 a1 ' -2 1 -1 " Replicates .

g1 tmole Cu 1 (umole Cu m ") (umole Cu 1 )
0.0 1.45 to 13.67 30.6 + 5.9 8.142.1 7
0.20 2.83 | 47.12 8.2 : 1
0.40 2.83 o 57.2 | 6.1 | 1
0.50 1.81 to 19.18 677 +8.0 8.3 + 3.0 7
0.75 2.77 to 29.72 49.9 + 7.7 | 2.5 + 0.7 5
0.80 2.83 62.2 3.7 1
1.00 0416 to 236.22 64.0 + 12.0 | 3.5+ 1.7 90
2.00 2,99, 21.73 ~ 54.0 | 7 1.1 2
3.00 2.80 to 32.02 63.4 + 3.0 o 1.0 + 0.2 | 5
4.00 2.99, 21.73 4.5 1.4 2

5.00 1.45 to 28.33 . 87.2 4 2.2 2.5 + 0.5 7
6.00 2.99, 21.73 ' 80.3 1.4 _ 2
8.00 2.99, 21.73  s1a 1.1 . 2

10.00 : 2.13 to 21.73 89.1 + 5.9 2.1 + 1.4 - 7
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TABLE 5

COPPER UPTAKE ON CALCITE IN SEAWATER: DEPENDENCE ON SOLID TO SOLUTION RATIO

Suspended Calcité Range of Total Cu - Percent Uptake . Ks- | Number of
g l—1 . ymole Cu 1_1 | | (umole Cu m_Z)(pmolé Cu 1-1)—; Replicafeé
\ 1 o 1.64 to 14.43 ,l 11.7 + 2.5 E  0.24 + 0.06 . Ly
3 1.39, 3.34 ?‘ 187 | ' 0.15 o 2
3.1 '11.65 N 2%.9 - 0.19 o 1
5 | 3.34 - 358 o 10.20 1
5.5 1es '3i.6 o Cooas 1
5.8 365 - 269 | R 0.12 1
7.5 “3.34; 11.65 | 38.6 015 g 2

10 " 1.70 to 14.41 36,9 + 3.4 0.11 + 0.01 9
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- The following data tables are supplements to Table 2 and Table 4
and are submitted for use by the reviewers, They are not intented for

publication in the original paper,
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Cu

pmole 1—l

0.16
1 0.28

0.36

0.47

0.55
0.58
0.63
0.68
0.68
0.72
0.82
0.94
1.10
1,13
1,26

1,35

Cu

s . 1
umo}e m-'2 pmole 1_1
0.17 0;06
0.34 6.09
0.43' 0.13
0.49 0.20
0.57 0.24
0.63 0.24
0.63 | 0.28
0.60 0.35
0.95 0.16
-0.86 0.25
0.80 0.38
0.80 0.50
1,37 0.35
1.15 0,50
1.43 0.47

0.57

1,43

DATA TO GO WITH TABLE 2

Cu.

Percent

Uptake

60
67
65
57
57
59
55
49
77
65
54
53
68
56
63

58

K
s

( ymole Cu m-z) ( umole Cul-l)_1

2.86
3.82
3.30
2.43
2.39
2.62

2.25

1.72

5.91
3.44
2.11
i.60
3.93
2.29
3.05

2,51
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DATA TO GO WITH TABLE 2 CONT'D

' CuT | Cus . | Cul . ' .. | ' | Ks
ymole 1-1 ymole m-z urﬁole 1"l Percent Uptake : (umdle Cu ﬁ)—z) (umole Cu 1_1)_1.

137 1.78 039 . . 7 . 4.55
1.40 1.43 0.61 : 56 | _ 2.3
1.40 1.80 | 0.41 o 71 ' 4 .40
1.46 o 1.92 : 0.41 72 4.68
1.51 | | 1.95 0.4 72 | 4,43
1.53 1.86 - o.so , - 67 3.72
1.78 1.70 | 0.85 :':_ . 52 ,' 1.99
1.86 o 2,06 S 0,71 .62 | o 2.91
2.16 - 2.38 o850 61 - 2.80
2.27 2.41 0.95 | 58 2.55
2.32 2,58 090 e 2.87
2,49 2.46 - 1.13. o 54‘ : o 2.18
2,52 . 2.95 0.90 , . 64 ' 3.28
2.80 3.01 | 1.15 59 : - 2.62
2.83 3.46 093 67 : 3.73
2.99 2.34 1.70 43 - . 1.38

2,99 412 0,72 76 5,72
3.43 4.81 079 7 6.09

13,83 L4t 1.39 ek ~ 3.20 v
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DATA TO GO WITH TABLE 2 CONT'D

Cu Cu : Cu - : . K

T R 1 o s
umole 1—1 pmole m-'2 ' pmole 1—1 : ‘Percent Uptake (umole CQ m—2) (rmole CuJTl)-l
3.89 4.50 1.42 - 64 37
4.57 5.15 - 1.73 | s 2.98
4.77 6.9 0.96 - | 80 ' | 7.21
4.80 | 4,55 2.30 52 1.98
5.35 6.73 1.65 | e 4.08
5.41 - 5.13 | 2.60 B 52 - 1.97
5.50 6.47 1.92 | 65 | 337
5.83 782 1.53 o 74 : | 5.12
4.77 6.93 0.96 | 80 | 7.22
6.70 9.02 1.92 - TS 4.69
7.18 10.19 1.57 78 - 6.47
7.35 10.82 1.40 81 7.73
8.03 11.10 1,92 76 | 5.78
8.60 11.45 2.30 | 73 - 4.98
8.60 , 12.43  1.76 79 | 7.04
9.13 - 12,31 2,36 74 | 5.21
9.61 13.23 a3 76 5.67

10,39 10.02 4.88 , 53 - 2.05
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»Cu

umole lfl

10.39

12,23

12.60

12.61.

13.20
14,17

14.61

14.96

15.07

15.51

16.57

16.85 .

16.91
17.29
18.35
18,65
18.90

20.98

Cu

umole m-'2

15.15

. 18.38

13.31
16.38

17.61

14.75

17.67

19.90

19.24

20.64

- 19.21

13.89

~20.93
18.61

16,52

25.62

22,91

DATA TO GO WiTH TABLE 2 CONT'D

vCul

ymole 17t

2,06
2.13
5.28
3.59
3.53
6.06
4,90
4.02
4.47
4.16

6.00

. 9.21

5.40

7.06

 9.26

4,55
6.30

7.13

v Percent‘Uptake

.80
83
58
71

‘173.

57
66
73
70

 73
64
45
68
59
50
76
67

66

K -
s

(ymole Cu m_z)(umole Culflj-l

7.3
8.65
2.52
4.56

' 4.99
2.43
3.61
4,96

' 4.30
4.97
3.20

1.51
3.88
2.63
1.78
5.63
3.64

- 3.52
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Cu

umole 1_1

21.73
22,52
23.10
25.83
28.35
28.39
31.04
32.41
- 33.07

37.56

40.22

4409
45.28
49.39
59.06

87.21

102.20

135.53

236.22

Cu
s

umole m_2

12.51
16.61
25.65
19.61
19.18
31.10
35.36
38.08
28.63
45,98
38.11
24,05

40.29

47.56

64.42
96.92
111.50
144.54

257.70

-»

. DATA TO GO WITH TABLE 2 CONT'D

Cu

ymole 1-l

14.54

13.39

8.99

15.03
17.80
| 11.28
11.59
11.47
17.40

12.27

19.26

30.87
23,12
21.86
23.62
33.91

40,88

56.03

94.49

Percent Uptake

K
s

(ymole Cu m—z) (umole Cul_l)—l

32
41
61
42
37
60
63
65
48
67
52°
30
49
53
60
61
60

59
60

0.
1.
2.

1.

2
2'.
2.
2.

2.
2.

86

24

85

30

.08
.76
.05
.32
.65
.75
.98
.78
.74
.18

73 .

86
73

58
73
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DATA TO GO WITH TABLE 4

Suspended Calcite - Cu . Cu Cu Percent K.
' , T s 1 'S
-1 : Uptake

z1 umolevl'-1 : tmole m—2 ymole 1 (umole Cu m—z)(umdle_Cu 1_]')_1

0.1 | 1.45 9.16 0.9 o 3.8 - | 9.70
01 2.83 16,03 1.95 311 8.21
0.1 | 2.83 16.32 1.9 31,7 | 8.43
0.1 . 3.4 22.62 2.0 . 38.3 11.31 :
0.1 6.83 36,65 482 29.5 7.61
0.1 10.93  53.54 7.98 26.9 | 6.71
0.1 13.67 51.54 10.83 - 20.7 | ' 4.76
0.2 . 2.83 1217 1.50 412 ' 8.13
0.4 o 2.83 7.37 1.21 57.2 ' 6.08
0.5 1.81 3.72 .79 o 56.5 . N 4.73
0.5 ' 3.35 7.67 - 1.23 62.9 . 6.25
0.5 3.94 ' 8.59 1T 60.0 . 5.45
0.5 © 5,78 15.52 1.51 73.8 :. 10.27
0.s 9.84 28.00 2.14 78.2 | 13.07
0.5 1274 33.84 3.43 AR | © 9.86

0.5 19.18  ~ 48.50 . 5.84 69.5 | 8.30
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Suspended Calcite

g 171

0.75
0.75
0.75
0.75
0.75

0.8

CuT

rmole 1-_1

2.77

12.11

15.13
21.06
29,72
2.83.
SEE
2.99

21.73

DATA - TO

2.80

6.06‘
20.00
23.75

"32.02

2.99

21.73

1.46

2.83

DATA TO GO WITH TABLE 4 CONT'D

Cu
s

umole m'-2

2,56
14.20
21.65
26.00
38.14

4,01
GO WITH
1.52

10.32

- 1.04
2.30
8.33

9.09

11.95
0.95
7..80
0.46

0.86

Cul

ymole 1_;

1.72

6.25

6.20
10.33
13.67

_ 1;07

TABLE 2

1.32

10.06
0.96
2.27
6.25
8.76

14.14
0.90
4.25
0.20

0.46

Percent
Uptake

38.1
48.4
59.0
50.9
52.9

62.2

55.8
52,2
61.2
62.6
68.7
63.1
61.6
70.0
79.0
86.0

93.9

K
s

(umole Cu m-z)(umole_Cu 1-]')_1 :

1.49
2.27
3f49
2.52
2.79

3.74

1.15
1.03
1.08
1.01
1.33°
1.04
0.84
1.06
1.84
2.24

1.89
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Suspended Calcite

gl

10
10

10

-1

10

10

.10

10

CuT

uymole 1-l

3.28

5.61

10.16

13.73
20.33
2.99

21.73

2.99

. 21.73

2.13

2.99

1 3.62
7.93

12.02

15.59"

21.73

Cu
s

dmole m_2

1.04
1.81
3.33

4.43

6.33
1 0.69

5.59

0.53

4.18

- 0.37

0.44

- 0.62
1.32
1.98
2.41

3.36-

Gu1

‘umole 1~

0.43

0.63

1.01

1.54

2.91
0.72
2.98
. 0.68
3.01
0.08
1 0.60

0.22

- 0.58
1.10 .

2.36

2.93

“DATA TO GO WITH TABLE 4 CONT'D

Percent
Uptake

87.0
88.8

90.1

88.8
85.7
75.8
84.9
77.4
84.7
96.3
80.0
93.9
92.6
90.8
84.8

85.1

K
S

(umole Cu m—z)(umole Cu 1—1)—l

2.44
2.87
3.30
2.87
2.17
0.95
- 1.88
1 0.78
1.39

4,73

0.73

2.81

2.26

1.80

1.02

1.15

423
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