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Tropospheric aerosols are usually complex mixtures of inorganic and organic components. Although the
thermodynamic properties of inorganic aerosols have been widely studied, the effect of organics on such
properties is still under discussion. In this study, solubility in water, water actiajfydf aqueous solutions,
deliquescence relative humidity (DRH), eutonic composition, and eutonic DRH were determined for bulk
mixtures of malonic acid (MA) with ammonium sulfate (AS) and ammonium bisulfate (ABS) aC2&ver

the full range of composition (from 0 wt % to the solubility limit of the mixture components). The data were
used to construct equilibrium phase diagrams, which show the phase of the mixtures as a function of total
composition, dry mixture composition, water content, and ambient relative humidity (RH). This work
complements previous reports on the thermodynamic properties of AS/MA mixtures because the range of
concentrations investigated is larger than in any other published single study. On the other hand, this is the
first report on thea,, deliquescence, and water absorption of ABS/MA mixtures. The eutonic composition
for AS/MA mixtures was found to be 66.8 MA dry wt % (MA dry wt % MA massx 100/(AS mass- MA

mass) with a DRH of 0.437. The eutonic composition for the ABS/MA mixtures was lower than for the
AS/MA mixtures: 20.9 MA dry wt % with a DRH of 0.327. Measureg of liquid AS/MA and ABS/MA
solutions is compared with an extended ZdanovsBiokes-Robinson expression, obtaining a good agreement
(error < 5—6%). The expression was used to predict water uptake of mixtures and might be useful to interpret
particle hygroscopic growth experiments. Comparison of the AS/MA and ABS/MA systems indicates that
ABS reduces the DRH and enhances water uptake, relative to mixtures with AS. The results confirm that
ambient particles containing sulfate and water-soluble organic compounds can remain liquid or partially liquid
at very low ambient RH conditions, especially if the sulfate is not completely neutralized.

1. Introduction on the phase transitions of inorganic aqueous mixtures is actively

bei tudied b 43
Atmospheric aerosols are ubiquitous and play an important eing studied by many grous

role in atmospheric processes such as radiative transfer, Mixtures of ammonium sulfate (AS) a”‘? MA (as well as other
heterogeneous reactions, and chemical and physical uptake of°UPIe organic compounds) have previously been chosen as
gases. Also, they have significant impacts on climate, visibility, MCdels for ambient aerosols, and several studies on the RH-
and human health2 The specific effect of the aerosol on these de€pendent phase transitions (deliquescence and efflorescence)
processes depends on its size, chemical composition, and®nd hygroscopic growth of these mixtures were publisiiett.
phasé4 Aerosols generally contain mixtures of sulfates, nitrates, Choi and Chatf studied the effect of some organic compounds
ammonium, organic material, sea salt, and other inorganic (including MA) on the water cycles, crystallization, and
species, hydrogen ions, and water. In the inorganic fraction of deliquescence relative humidity (DRH) of sodium chloride and
the aerosol, sulfate and ammonium are usually the predominantAS using an electrodynamic balance (EDB). Brooks ét ahd
ions in the fine particle8.Depending on the availability of ~ Wise et al'® reported solubility, DRH, and eutonic composition
ambient ammonia, sulfate might be partially or totally neutral- of pure dicarboxylic acids and AS/dicarboxylic acids (including
ized®7 The organic fraction of the ambient aerosol is a complex MA) bulk mixtures. Wise et al. also reported water activiay,)
mixture of thousands of different compourfdghich can be of some aqueous solutions of AS/dicarboxylic acids mixtures.
water soluble or insoluble. Among the soluble compounds, Parsons et & reported total deliquescence and crystallization
dicarboxylic acids, including malonic acid (MA), were identified RH of AS particles internally mixed with water soluble organics
in many sites:10 (including MA) with an organic mass fraction of less than 0.6
The phase of the aerosol is determined by its composition, using an optical microscope coupled to a flow cell. Braban et
temperature, and ambient relative humidity (RH). Phase dia- al.!® studied the phase transitions of the system AS/MA as a
grams as a function of RH and temperature for inorganic function of RH using infrared extinction spectroscopy. The
compounds, such as ammonium nitrate and sulfate, sodiumhygroscopic behavior of internally mixed particles of AS and
chloride, and other salts found in ambient aerosols, have beendicarboxylic acids (including MA) using tandem differential
widely studiedt-*>However, the effect of organic compounds mobility analyzers (TDMA) was studied by Heeri et al'® and
Prenni et aPo All of these reports concluded that the presence
* Corresponding author. E-mail: dara@cig.uaem.mx. of MA lowers the DRH and reduces the hygroscopic growth of
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AS. Finally, Marcolli et aP* measured,, of saturated aqueous  mixture in the series. Tha,, for all solutions was measured
solutions of mixtures of several dicarboxylic acids (including using the Aqualab 3TE at 2% 0.2 °C. Overnight stirring was
MA) and ammonium nitrate and sulfate, and sodium chloride. used as the upper limit for the stirring time, because solutions
They found that a mixture of five dicarboxylic acids reduces that were not completely dissolved did not show changes in
the DRH relative to the pure acids; a further reduction in DRH their activity after further stirring.
is obtained when an inorganic salt is added. Thea, of aqueous solutions of pure AS, ABS, and MA, and
There is only one study on the RH-dependent phase transi-AS/MA and ABS/MA aqueous mixtures were calculated with
tions of mixtures of ammonium bisulfate (ABS) and MA: commonly used thermodynamic models. The AlMAIas
Parsons et & reported crystallization RH of aqueous inorganic/ used to calculate,, of aqueous AS and ABS solutions. Tag
MA particles with AS, letovicite, and ABS. Furthermore, to of agueous MA solutions were calculated with the UNIFAC
the best of our knowledge, there are no reports on the model?* using the group interaction parameter for £ifbm
deliquescence RH of ABS/MA mixtures ay, of their aqueous Hansen et aP® for H,O and COOH, the revised group
solutions. interaction parameters reported by Peng &t alere used. The
In this work, measurements @af, of aqueous solutions of  aw of AS/IMA and ABS/MA aqueous mixtures was computed
AS/MA and ABS/MA over the full range of composition at 25  using the Zdanovskit Stokes-Robinson (ZSR) equation in its
°C are presented. The composition acbf saturated aqueous ~ originaP’” and extended versiori8:
solutions with respect to at least one of the solutes also were
measured. The rgsulting data were used to plot e_qyilibrium phase 1_ Xa + X + xx(A+ Ba,) 1)
diagrams, which includa,, DRH, eutonic composition, eutonic m mg 0
DRH, and equilibrium phases as a function of total and dry

composition. This work complements previous reports on the \yherem is the total molality of solutes a and b in the mixture;
thermodynamic properties of the AS/MA system as it covers X, andx, are the mole fractions of a and b in the mixtun@
composition ranges that were not previously investigated in a andmg are the molalities of aqueous solutions of pure a and b
o ) , bt the same,, as the mixture; ané andB are parameters whose
faqlltate Its_ interpretation. Furtherm_ore, DRH of ABS/MA |5 65 are determined by fitting all the experimerggaldata.
mixtures anda,, of their aqueous solutions are reported for the g, ation 1 represents the extended version of the ZSR equation;

first iime]; Th/e data dmeasu/red were used to I::alc;:lateffwaterthe original ZSR expression is obtained wihandB equal to
uptake of AS/MA and ABS/MA mixtures. Finally, the effect o, The extended ZSR model has been recently applied to

of sulfate acidity on the thermodynamic properties of mixtures ,,60us solutions containing inorganic electrolytes and dicar-
with MA is discussed. boxylic acids?®

2. Experimental Procedures 3. Results and Discussion

An Aqualab 3TE (Decagon Devices, Nelson Court, WA)was  3.1. AS and MA. Figure 1 shows tha,, measured for liquid
used to determine,, of aqueous mixtures of MA (HOOE water/AS/MA (W/AS/MA) mixtures. Concentration is expressed
CH,—CH,—COOH) with AS ((NH;)2SOy) or ABS (NHsHSOy). in total weight percent of one component in the ternary mixture
The Aqualab 3TE determines, of the samples by measuring  (for example, MA wt %= MA mass x 100/(W mass+ AS
the dew point temperature of the water vapor in equilibrium masst+ MA mass)). Figure 1 also shows the calculaigdising
with the sample. The instrument consists of a sealed chamberthe AIM Il model, UNIFAC, and the extended ZSR model
where the sample is equilibrated with the headspace. The dew(with A= —0.02 andB = —0.05), as described in the previous
point temperature is detected with a controlled-temperature section. The percent error of the original (wih= B = 0) and
mirror and a beam of light directed onto the mirror and reflected the extended ZSR models relative to the measeggid shown
into a photodetector cell that senses the change in reflectancen Figure 2 as a function of water concentration. Figure 2 shows
when condensation occurs on the mirror. The precision of the that the original ZSR model provides a good approximation for
Aqualab 3TE is+0.003 activity units. The, of the solution  relatively dilute solutions (water wt % ~36) with errors below
corresponds to the equilibrium RH if the vapor phase is 50%. However, as the water content decreases, the model

considered to behave as an ideal gas; consequaptiynd RH becomes less accurate. On the other hand, the correction to the
are used interchangeably in this paper. ZSR equation causes an improvement in accuracy with errors
Bulk mixtures of MA (Sigma-Aldrich, 99%) with AS (Fluka, below 5% for even the most concentrated solutions.

>99.5%) or ABS (Aldrich, 99.99%) in deionized water (18 The RH over a saturated aqueous solution corresponds to the
uL-cm) were prepared gravimetrically. Mixtures were stirred RH at which the dry AS/MA mixture will fully deliquesce
until the entire solid was dissolved. In some cases, complete (deliquescence relative humidity, DRH). Figure 3 shows the
dissolution was achieved only after stirring overnight, particu- DRH as a function of MA dry weight percent (MA d-wt %
larly when the concentration of the mixture was close to the MA mass x 100/(AS mass+ MA mass)). The DRH of the
solubility limit. Uncertainties on the concentration of the mixtures is lower than the DRH of the pure solids. The lowest
mixtures were calculated from the precision of the balance DRH corresponds to the eutonic deliquescence relative humidity
(£0.01 g) and the measured mass of each component and ar¢EDRH).
estimated to be between 0.3 and 3.5 wt %. Table 1 summarizes the DRH and solubility results for the
A series of aqueous AS/MA and ABS/MA mixtures were pure solutes and the eutonic mixture. For comparison purposes,
prepared keeping the concentration of one of the solutes previous measuremerts!®20.21,26.3835 of DRH and solubility
constant, while the concentration of the other solute was for pure AS and MA, as well as for AS/MA mixtures, are also
progressively increased (the water concentration was reducedshown in Figure 3 and Table 1. The data obtained in this work
proportionally) until some solid remained undissolved even after is in good agreement (within experimental error) with other
overnight stirring. Saturation, or the solubility limit, was DRH and solubility measurements for pure AS and MA, and
established as the concentration of the last completely liquid for AS/MA mixtures with MA d-wt % < 57. However, there
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Figure 3. DRH at 25°C as a function of MA dry wt % for AS/MA
0.9 - mixture_s. _Th_e solid line is a polynomial fit to data from this study.
! Top axis is in MA dry mole fraction [mole MA/(mole AS- mole
: H i ) ] MA)]. Previously measured values of DRH are shown: Brooks &t al.
208 T N TR TR T (24 °C); Choi and Chatt (20—23 °C); Wise et al® (25 °C); Prenni et
2 { ; 5 al?° (30 °C); and Parsons et &l.(20 °C). Eutonic points as reported
S 0.7 < e Nl AN in this work and by Brooks et al. are marked in the figure.
2 B ASOwt | : | reported eutonic compositions is the stirring time used for
Fop-| O ASIOWR ] Lo Qe complete dissolution. Brooks et al. do not mention the stirring
o AS20wt¥% | :
A AS28wt% | i ; time they used. However, for this study, solutions with
05— ® AS40Wt% |- L W concentrations close to saturation needed several hours and,
® sat. solns. sometimes, overnight stirring before complete dissolution.
04 lo-model | i i oo Insufficient stirring might result in reporting a lower eutonic
I I T 1 1 composition, as Brooks et al. do. The source of the discrepancies
6 10 20 30 40 50 60 between RH measurements is not known.
malonic acid wt % All the information in Figures 1 and 3 was summarized in

Figure 1. Thea, at 25°C for aqueous AS/MA solutions as a function  gne single ternary diagram, shown in Figure 4. The diagram

of we_lght percent _of one of th_e solutes (the concentration of the other includes DRH, eutonic composition, EDRH, phase equilibrium
remains constant in each series). Black circles correspond to saturate(#.

solutions. Uncertainty bars are smaller than the size of the symbols. ines, and nghbnum RH, pver I|qwd solutions as a function
Solid lines are polynomial fits to data. Dotted lines were calculated Of total mixture composition. Lines of constant RH were
using AIM Ill and UNIFAC for the binary solutions and the extended ~calculated using the extended ZSR model so that equilibrium
ZSR expressionX = —0.02 andB = —0.05) for the ternary ones. RH over liquid solutions can be read directly from the diagram.
(Saturated solutiont solid) — (eutonic solution+ solid)

25 -8 — equilibrium lines and solid equilibrium lines (lines from the
B 3 bottom apex of the triangle to the eutonic composition) were
20 4@ é e drawn taking into account that the eutonic solution is the most
. B original ZSR concentrated solution with respect to both solutes and assuming
% 154 Be i ® extended ZSR|| that the solids in equilibrium with the saturated solutions are
2 T AS and MA (see below for evidence). The ternary diagram
% 10 shows that W/AS/MA ternary mixtures always will be liquid
N for RH larger than the DRH of AS. For RH between the DRH
of pure AS and the EDRH, mixtures can be liquid or a saturated
5 solution in equilibrium with a solid. Conditions of RH below
the EDRH are not represented in the diagram because, under
0 those conditions, only solid binary AS/MA mixtures are

expected.
Note that there are some discrepancies between the measured

Figure 2. The a, percent error of the original and extended ZSR DRH (shown in Figure 1) and the calculated DRH (shown in

expressions as a function of water weight percent for the system AS/ Flgurg 4) espeqlglly on the MA branch (to the right of the
MA. eutonic composition). For example, the measured DRH for a

pure MA solution is 0.709, while the DRH shown in Figure 4
are discrepancies between this work and the DRH reported byfor the same solution is close to 0.75. The source of this
Brooks et al® for mixtures with MA d-wt %> 57. The eutonic discrepancy is the error of the UNIFAC model for concentrations
composition reported by these authors does not agree with thisclose to MA saturation. Figure 1 shows that UNIFAC predicts
work either. Brooks et al. used bulk samples for their measure- thata, of a pure MA saturated solution is 0.745 instead of 0.709,
ments, and the method for preparing the solutions was similar as it was measured. This error propagatesyicalculations
to ours. A possible reason for the disagreement between theusing ZSR for aqueous AS/MA mixtures with relatively high

water wt%
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TABLE 1: Summary of Results at 25°C2

solubility in water (wt %) DRH MA dry wt %
AS 4344+ 1.2 0.797

(43.3°43.4¢43.2) (0.80P 0.817$0.802¢0.79¢0.8070.799 0.793" 0.81)
ABS 772+ 1.7 0.402

(76°) (0.40°0.39)
MA 62.2+15 0.709

(62.2°61.3) (0.743, 0.724, 0.652,0.69% 0.72)
AS/MA 8454+ 2.0 0.437 66.8+ 1.1
eutonic (69.9 (0.709) (58.9)
ABS/MA 82.1+1.4 0.327 20.9: 0.3

eutonic

aUncertainty of DRH is+ 0.003. Other reported values are given in parenthéds°C (Tang and Munkelwitz, 1994Y. ¢ 24 °C (Brooks et
al., 2002)!> 425°C (Marcolli et al., 2004%* ¢ Room temperature (Cziczo et al., 1997)f 22 °C (Onasch et al., 1999}. 9 22—26 °C (Cruz and
Pandis, 20003 "30°C (Prenni et al., 2003f. ' 20°C (Braban and Abbat, 2004j.1 25°C (Peng et al., 200Ff. k20.8°C (Braban et al., 200%.
125 °C (Parsons et al., 2002). ™ Solubility is given in solute wt %= (inorganic masst MA mass) x 100/(W mass+ inorganic masst- MA
mass).

100 % AS mixtures, whereas the solid was AS in the 20 wt % AS
mixtures. Figure 5B shows the measured and expeajeof
the latter mixtures. The expectes, was obtained with the
extended ZSR model. The good agreement between measured
and expected values @f, suggests that AS and MA are the
main solids in equilibrium with the aqueous saturated solutions,
o and that the concentration of any other solid present is negligible.
\ malonic acid Furthermore, this discussion also suggests that a mixture less
concentrated in AS than the eutonic mixture will be in
equilibrium with solid MA. In contrast, mixtures more concen-
trated in AS than the eutonic mixture will be in equilibrium
sat. so‘."n_\ with solid AS. It is important to note that these arguments are

liquid solution

water

-5 uri ?«ss? u_.lon *MA based upon results obtained under equilibrium conditions, and
FoNS 3 ’ that crystallization often occurs under metastable conditions.
100 Hence, other solid phases might form upon efflorescence of

aqueous mixtures.

The data presented above can be used to calculate water
Figure 4. Triangular equilibrium phase diagram for W/AS/MA — ghsorption of AS/MA mixtures. For example, Figure 6A presents
mixtures at 25°C. Circles are the_ _sa'_[uratgd solutions fr_om Figure 1. 4,0 expected solute wt % [(AS massMA mass)/(W mass-
Solid lines represent phase equilibrium lines. I?otted lines representAS mass+ MA mass)] as a function of RH for four AS/MA
constant RH conditions and were calculated using eq 1. - : -
mixtures: the eutonic mixture (66.8 MA d-wt %), and 10, 50,

amounts of MA. The above discussion indicates that the @nd 90 MA d-wt %. For reference, Figure 6B shows the same
accuracy of the ZSR equation is limited by the accuracy of Mixturesin aternary diagram. To calculate the water absorption
UNIFAC. lines similarly as in Figure 5B, we calculated the equilibrium

It has been suggested that upon crystallization, solutions RH over mixtures with constant MA d-wt % and an increasing
containing AS and MA can form other salts such as ABS, amount of water. Figure 6 shows that for compositions below
letovicite, and ammonium hydrogen malonate but at very low the EDRH, all the mixtures are expected to be solid (solute wt
concentrations? To test the identity of the solid in equilibrium % = 100) and not to uptake water when RH is increased. As
with saturated solutions, we measured #eof some ternary RH increases further, there is a discontinuity at the EDRH
mixtures in which some undissolved solid was still present after because deliquescence (partial or total) of the solid mixtures
several hours of stirring. Figure 5A shows a ternary diagram occurs. The eutonic mixture acts like a pure solid and completely
with lines that represent 10 AS wt % and 20 MA wt % mixtures. deliquesces at the EDRH. In contrast, noneutonic mixtures
The upper section of each line (from the top apex of the triangle deliquesce only partially at the EDRH, and they continue
to the saturated solutiersolid equilibrium line) represents  gradually deliquescing until the total DRH is reached (marked
mixtures that are completely liquid. In contrast, the portion of as DRH in Figure 6A) and they become completely liquid. At
the line below the equilibrium line represents partially liquid this RH, a second discontinuity in solute wt % is observed,
mixtures. Figure 5A also shows the total concentration of which is less pronounced for mixture compositions close to the
mixtures with 10 AS wt % or 20 MA wt %, which remained as eutonic composition (note that the eutonic mixture only shows
saturated solutions in equilibrium with a solid phase after several the first discontinuity). The water absorption behavior presented
hours of stirring. The composition of the saturated liquid solution in Figure 6A can be useful to interpret particle hygroscopic
was determined by drawing a line from the apex of the triangle growth experiments. For example, Prenni etabid not
to the point corresponding to each mixture and by extending observed a distinct deliquescence during hygroscopic growth
the line until it crosses the saturated-soluti@olid-equilibrium experiments of 50 MA d-wt % particles using a humidified
line, as shown in Figure 5A. Assuming that the solution is tandem differential mobility analyzer (HTDMA) at 3C. They
saturated only with either AS or MA, the identity and the amount explained this observation by suggesting that the particles were
of the solid remaining in the mixture can be calculated from not crystallized at the beginning of the experiment and remained
the difference in composition between the mixture and the liquid as the RH was increased fror0.05 to>0.9. However,
saturated solution. The remaining solid was MA in the 10 wt Figure 6 suggests that the results of Prenni é¢ also can be

~. eutonic soin. + AS + MA
RH = 0.437

100 ammonium sulfate
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Figure 5. Panel A: triangular equilibrium phase diagram for W/AS/MA mixtures. Dotted and dashed lines are lines of constant weight percent of
one of the solutes. Circles represent the total composition of partially liquid mixtures. Triangles represent the composition of the satiimated solu
in equilibrium with a solid. Grey lines show how to determine the composition of the saturated solutions. PapgbBW/AS/MA mixtures as

a function of weight percent of one of the solutes. Circles represent the meagweithe mixtures. Dotted and dashed lines represent the calculated

aw using the extended ZSR model. Shaded areas represetit 36 error of the model.

100 ; .,.4..4:..A...“...;u..‘.4.....‘.“.......; ........... . .......... 100 A 0
i ” : — MA 66.8 d-wi% A3\
{eutonic mixture)
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: esaene MA 50 d-wit%
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Figure 6. Panel A: solute weight percent [(AS massMA mass)/(AS mass- MA mass+ W mass)] as a function of RH for AS/MA mixtures
with constant MA d-wt %. Panel B: triangular equilibrium phase diagram showing the total concentration of the same mixtures as panel A.

explained by a scenario where particles were solid at the wt % from the SEDB experiments and which is estimated using
beginning of the experiment and gradually deliquesced when a simple volume additivity rulé?
RH was increased. In this case, the subtle discontinuous change 3.2. ABS and MA. Thea,, of ABS/MA mixtures also were
in hygroscopic growth when particles completely deliquesced determined for the full range of compositions, and the results
might have been difficult to detect, because of the uncertainty are shown in Figure 8. Mixtures with 67 ABS wt % also were
of their experiment. studied, but the results are omitted in the figure for clarity. The
Figure 7 compares curves of water uptake vs RH calculated aw of solutions calculated with the AIM Il model and the ZRS
using the extended ZSR equation with data previously reportedmodel (eq 1 withA = B = 0) are in good agreement with
by Choi and Chatf and Wise et at® Both groups measured  experimental data. Figure 9 shows that for the ABS/MA system,
ay of bulk samples of AS/MA mixtures; Choi and Chan also the ZSR equation provides a good approximation (err%o)
measured the hygroscopic growth properties of (AS/MA par- in the whole range of composition without any correction. As
ticles using a scanning electrodynamic balance (SEDB). Figureit was discussed before, the accuracy of the ZSR equation is
7 shows that bulk measurements agree with the extended zSRimited by the accuracy of the UNIFAC model.
calculation. On the other hand, the SEDB growth measurements Solubility and DRH results for pure ABS and ABS/MA
agree relatively well with the ZSR above the DRH (when mixtures are summarized in Table 1. Previous measurements
particles are liquid), but there is a considerable difference at for pure ABS%3!also are included in the table and are in good
lower RH (when particles are expected to be solid or partially agreement (within experimental uncertainties) with our results.
solid). A possible reason for the discrepancy at low RH is the  Figure 10 shows the ternary phase diagram for the system
density of the particles, which is needed to calculate the solute W/ABS/MA, which presents the same information as Figure 4
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Figure 7. Solute weight percent as a function of RH for AS/MA Figur(_a 8. Thea, at 25°C for agueous ABS/MA squtions_asafunction
mixtures with constant MA d-wt %, calculated using the extended ZSR Of weight percent of one of the solutes (the concentration of the other

model and measured by Choi and CH480—23 °C) and Wise et al® remains constant in each series). Black circles correspond to saturated
(25 °C). solutions. Error bars are smaller than the size of the symbols. Solid

lines are polynomial fits to data. Dotted lines were calculated using
for the W/AS/MA system. To determine the identity of the solids the AIM Il model for the binary solutions and the original ZSR
in equilibrium with the saturated solutions, Figure 11 shows €XPression for the ternary ones.
the measured,, for ABS/MA mixtures with 5 and 40 MA wt

%, which remained partially liquid after several hours of stirring. 25 e e st
The figure also presents the expectgdor the same mixtures |ABS IMA $°'U“°“S|
assuming that the solids in equilibrium with the liquid solutions 20 ‘ R
below the DRH are ABS and MA for the 5 and 40 MA wt % 5

mixtures, respectively. The good agreement between measured 5 15

and expected,, suggests that, if other solids are in equilibrium X

with the mixtures, their concentration is negligible. g, 10

DRH as a function of MA d-wt % for ABS/MA and AS/MA

mixtures are shown in Figure 12. For MA d-wt % ~60, the 5. “

DRH is lower for mixtures with ABS than AS/MA mixtures. o .

This implies that ABS/MA mixtures can remain liquid or o L. __________ e?® o0 00 |

partially liquid to lower RH than AS/MA mixtures. T T U
Water uptake curves for ABS/MA and AS/MA mixtures are 20 40 60 80 100

shown in Figure 13. To determine the effect of sulfate being water wt%

totally or partially neutralized, the figure compares mixtures Figure 9. Thea, percent error of the ZSR expression as a function of
with the same MA to sulfate (S©) ratio (MA/S = MA mass/ water weight percent for the system ABS/MA.

sulfate mass). The start of deliquescence (at the EDRH) and
the total DRH are lower for the ABS/MA mixtures relative to
the equivalent AS/MA mixtures, restating the fact that ABS/ In this paper, we measured solubility in watey, DRH,

MA mixtures can remain liquid or partially liquid to lower RH  eutonic composition, and EDRH of AS/MA and ABS/MA
than AS/MA mixtures. Figure 13 also shows that ABS/MA mixtures over the full range of compositions at 256. The
mixtures absorb more water than the equivalent AS/MA information was used to plot phase diagrams that present the
mixtures, implying that the fact that the sulfate is not completely equilibrium phase of the mixtures as a function of total
neutralized enhances water uptake. composition, dry mixture composition, water content, and

4. Conclusions and Atmospheric Implications
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Figure 10. Triangular equilibrium phase diagram for W/ABS/MA MA dry-wt%

mixtures at 25°C. Circles are the saturated solutions from Figure 8. Figure 12. DRH at 25°C as a function of MA dry wt % for AS/MA

Solid lines represent phase equilibrium lines. Dotted lines represent and ABS/MA mixture. Solid lines are polynomial fits to data. Error

constant RH conditions and were calculated using the ZSR model.  pars are smaller than the size of the symbols. Top axis is in MA dry
mole fraction: mole MA/(mole MA+ mole inorganic).
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Figure 11. Thea,, for aqueous W/AS/MA solutions as a function of relative humidty

weight percent of one of the solutes. Circles represent the measured,:igure 13. Solute weight percent [(inorganic massMA mass)/(W
ay of partially liquid mixtures. Dotted and dashed lines represent the | oqc+ inorganic mass- MA mass)] as a function of RH for ABS/

calculateda, using the ZSR model. Shaded areas represent-taeb MA and AS/MA mixtures with equal MA to sulfate ration (MA/S

error of the model. MA mass/sulfate mass). MA/S 0.15 mixtures, correspond to 10 and
11.3 MA d-wt % for AS/MA and ABS/MA mixtures, respectively.

ambient RH. The thermodynamic data obtained might be useful MA/S = 1.4 mixtures, correspond to 50 and 53.4 MA d-wt % for AS/

to develop and test thermodynamic models of atmospheric MA and ABS/MA mixtures, respectively.

aerosol® and, especially, data for the ABS/MA mixtures, which

has not been reported before. Furthermore, the presentation obn the DRH of ABS. The results indicate that ABS reduces the

all the data in one single ternary phase diagram simplifies its DRH and enhances water uptake, relative to mixtures with AS,

interpretation and can be used to predict water uptake of aerosol§or mixtures with MA dry wt % < 60. Ambient particles

and to interpret hygroscopic growth experiments. containing non-neutralized sulfate have been observed in several

The commonly used ZSR model was compared with experi- sjtes$7 hence, the effect of acidity on thermodynamic properties
mentala,, for the AS/MA and ABS/MA systems. The error of  of the aerosol might have important atmospheric implications.

the model depends on the water content of the mixture, and it Ambient | it h lex than th
is a good approximation (errof 5%) only for the more dilute mbient aerosols aré mixtures much more compiex than the

solutions of AS/MA (water concentration larger thas36 wt ones studieq here in which the or_ganic fraction pontains a Igrge
%). For more concentrated solutions, it is necessary to use gamount of different soluble and_lnsoluble_spemes_. Marcolh_ et
correction to the model to obtain more accurate values. On the @l Showed that the DRH of mixtures of inorganic salts with
other hand, for the AMS/MA solution, the ZSR model has errors dicarboxylic acids vary inversely to the number of organic
lower the 5% in the complete range of concentrations without components in the solution and suggested that tropospheric
any correction. The accuracy of the ZSR model is limited by aerosols will remain liquid or partially liquid at very low RH.
the accuracy of the models used to calculatesihef the binary ~ This work confirms this conclusion by showing that ternary
solutions. mixtures have a very low DRH. The presence of more organic
The effect of MA on the DRH of AS is larger than had been compounds in ambient particles than in the mixtures studied
determined before, especially for compositions close to the here would further reduce the DRH. This effect might be even
eutonic composition. Accordingly, MA also has a large effect more pronounced if the sulfate is not completely neutralized.
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