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Atmospheric aerosol has been shown to contain an organic component that includes a significant fraction of
small dicarboxylic acids, particularly in the urban environment. As an initial step toward understanding the
phase in which particles may exist, a detailed study into the phase transitions of malonic and oxalic acid
aerosols has been carried out. Both the aerosol phase transitions (deliquescence and efflorescence) and bulk
solution properties (equilibrium water vapor pressure and the solubility and freezing curves of the aqueous
solutions) are reported. An aerosol flow tube-FTIR and a static mode chamber-FTIR have been used to identify
particulate phase transitions. In the latter the particles can be observed under ice-supersaturated conditions,
allowing investigation of behavior at subeutectic temperatures. We report that both malonic and oxalic acid
aerosols sustain a substantial level of solute supersaturation before efflorescence occurs, whereas deliquescence
occurs at the thermodynamically predicted relative humidity. At room temperature, malonic acid efflorescence

is observed at RH= 6% + 3% and oxalic acid efflorescence occurs at RH5%. Malonic acid particles
deliquesce between 69% and 91% RH over the temperature rang22X, and for oxalic acid conditions

close to 100% RH are required. We report the first observation of the phase transition of oxalic acid between
the anhydrous and dihydrate form and discuss our results in the context of recently published data.

1. Introduction of aerosol phase transitions under atmospheric conditions is

Low molecular weight dicarboxylic acids are ubiquitous and n_eeded. _In particula_r, it is important to understand in _detail
abundant water-soluble organic species in tropospheric aerosolf&?rplsniflg:yaﬂ{ginftzﬁg zﬁtignssingrzrde COOnrgptl)?)f[hZIX?](:lse
It is therefore important to understand the effects these acids gal 9 ys . ) P

may have on the phase and chemical properties of aerosols tha{ransmon_s of interest is dehquescenc_e, the uptake of water by
have been traditionally considered as inorganic salts. In this a dry solid to form an aqueous solution. The reverse process,

paper e consder o of th smaler watesoue organc L 12 055 U MAET L0 forn 8 0y sl s s et
acids: malonic acid and oxalic acid. Oxalic acid (HOOCCOOH) : q 9

s present n b the gas phase and the aeroso prse and°I0USSEEnce and eflorescerce ofinorgaic parices nedng
frequently has the highest concentration of all the identified P Py

9-12 1 i 3 i
dicarboxylic acids in the condensed phase, followed by malonic FTIR), optical microscopy?’ and electrodynamic balance

. . . - studies'*15The process is generally characterized by the relative
acid (HOOCCHCOOH). The bulk physical properties of oxalic umidity of the phase transition as a function of temperature.

acid and malonic acid are not presented here but can be founogelative humidity (RH) is reported throughout this study, as it

in some recent studiés? ) . i .
The sources of dicarboxylic acids in the atmosphere are is useful to interpret the composition-temperature phase diagram
and is an atmospherically relevant quantity. At a specific

disparate and include primary anthropogenic, and secondary )
anthropogenic and biogenic, specifically degradation products terﬂ??ra:ureT()r, the BH is calculated from the measured water
from larger organics. Several field campaigns have analyzed partial pressurep(T):

Arctic aerosols for dicarboxylic acids, with typical values those p(T)
of Narukawa et alt,who reported oxalic acid and malonic acid RH= 1OOT
present at 21.8 and 4.14 g3, respectively. Yao et &l p*(T)

observed, in urban aerosol, levels of oxalate to be on average a
370 ngm~2 and levels of malonate 90 ng~3. The range 0.18 where p*(T) = saturated vapor pressure of pure water at

1.14ug-m~3 has been reported for concentrations of oxalic acid €MPeraturer. . .
in urban aerosdl? The sum of the dicarboxylic acid concentra- [N 9éneral, at temperatures above the eutectic, deliquescence

tions (in micrograms per cubic meter) can constitute’% of of !norganic salts occurs at the thermodynamjc gquilibrium
the sulfate concentratibrand some studies indicate that in deliquescence RH (DRH) and recent studies indicate that a

polluted urban environments the concentrations of organic acidsSimilar transition to metastable deliquesced particles can also

can be high enough to make effective cloud condensation ©SCUr below the eutectic temperatd#é> 17 Efflorescence in

nuclei8 inorganic aerosols occurs at a substantive level of solute
The focus of this work is to investigate the phase of organic supersaturation and there is variability between chemical species

acid particles. Particle phase affects both the direct and indirect®S ©© Whether they exhibit homogeneous efflorescence under
effects of aerosols on climate, and so a thorough understanding"".tmOSphe”Cal.Iy relevant condl}lons. For instance, micrometer-

sized ammonium sulfate particles effloresce homogeneously
* Corresponding authors. E-mail: cbraban@chem.utoronto.ca. E-mail: Petween 35% and 40% RH, whereas ammonium bisulfate

jabbatt@chem.utoronto.ca. particles do not effloresce under most experimental conditions.
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In this paper we present a suite of atmospherically motivated FLIR
experiments involving oxalic acid and malonic acid aqueous SGikrce N
solutions. Specifically we have carried out (i) bulk solution - Mixing volume / Pre-cooler _
studies of the ice-solution and crystalline salt-solution coexist- — | ¢ DWN-‘
ence curves; (i) equilibrium water vapor pressure measurements | Absorption cell l':

J‘

of these systems; and (iii) deliquescence and efflorescence \
experiments in an aerosol flow tube system (AFT) and also in Hobubblcr

a static mode chamber system (SMC), with aerosol particles :
AeCl
|: Aerosol dryer

supported on a silicon surface. Experiments characterizing Observetion AgC
. . . region Windows

malonic acid aerosol deliquescence are presented both above

and below the eutectic temperature. The oxalic agidter

system proved more complex than the simple binary eutectic, -, Flow Discard %;‘fmb@]

*®

and therefore only supraeutectic deliquescence observations were 7 ouler flow Ham
possible. A few recent studies have focused on phase transitions At
of dicarboxylic acid particles both as the pure acid in aqueous .

solution and in ternary solution with an inorganic compo- MCT ~

nent21819These will be discussed in the context of the results

from this study in Section 4. Figure 1. Schematic of aerosol flow tubeFourier transform infrared
spectrometer apparatus.

Detector

2. Experimental Section o )
significant amount of solid matter was observed. The temper-

2.1. Bulk Solution Measurements.Equilibrium solution  ature was then adjusted to that of interest and the system was

composition and water vapor pressure experiments were per-allowed to equilibrate for approximately 3 h, at which point 1
formed with both malonic and oxalic acid to correlate relative mL of solution was sampled. Sampling at intervals o th of

humidity to solute concentrations in aerosol experiments. Water equilibration time were carried out in two experiments to
vapor pressures were measured as a function of temperaturegonfirm that equilibrium had been reached i t8 h experi-
Also, the equilibrium temperatures of ice-solution and acid- ments, which was the case. The concentration of acid in the
saturated solution conditions were investigated for a range of sampled solution was determined by titration as described above.
solute concentrations. All solutions were made from reagent- 2 2. AFT Experiments. The AFT-FTIR spectrometer system
grade chemicals and 18 ™ water. Malonic acid was from  (hereafter referred to as AFT) is shown schematically in Figure
Slgma Chemical Co. (99% pUl'Ity) and oxalic acid was pUrChased 1. This apparatus has been previou3|y descrizédl Experi_

as oxalic acid dihydrate from Fisher Scientific (assay: 99.86%). ments are carried out by incrementally adjusting the RH.
Control experiments for pure water were also performed by the |ncreasing the RH is termed deliquescence mode, and decreasing
methods below. the RH is termed efflorescence mode.

Water vapor pressure measurements were carried out in a Aerosol is produced with a commercial atomizer (TSI model
small sealed glass vessel in which the pressure was monitored3076), and a fraction of the aerosol flow is discarded while the
by a manometer (MKS 622A, full scale 100 Torr). A small remainder either passes through a silica gel dryer (TSI 3062)
volume of acid solution (usually 10 mL) was placed in the vessel or bypasses the dryer for the deliquescence and efflorescence
and degassed via freezpump—thaw cycles. The vessel was  experimental modes, respectively. The aerosol flow is mixed
then placed in a temperature-controlled circulator bath (Fisher with a 2 L-min~ nitrogen flow, a fraction of which can be
Scientific Isotemp 1006S) and allowed to equilibrate for 1 h. saturated with water vapor by passage through a water bubbler
Pressure was recorded as a function of time, and after equilibra-assembly.
tion, the temperature was increased and the system was allowed The total flow (between 2.3 and 3.Crhin~1) then passes
to reequilibrate. Malonic acid experiments were performed be- through a precooler-mixing volume before entering the main
tween 274 and 293 K, and oxalic acid experiments between aerosol flow tube. The residence time of the aerosol in the flow
288 and 318 K. The leak-up rate for the apparatus was measuredube is between 0.2 and 0.3 min depending on the flow rates of
regularly, both with and without sample in the vessel. The leak- the particular experiment. Both the flow tube and the precooler-
up rate was found to be between 0.06 and 0.21 mon* mixing volume are temperature-jacketed with the temperature
and was subtracted from the measured pressure as a functiorontrolled by use of a circulator (Julabo FP88-MW). The
of time. After completion of vapor pressure measurements for temperature in the flow tube is measured with two T-type
a solution, a 2.5 mL aliquot of the solution was sampled and thermocouples. The thermal gradient over the observation region
diluted to 100 mL. The diluted solution was titrated with 0.500 is less than 0.2 K in all the experiments performed and is
M NaOH solution and the derivative of the titration curve used generally less than 0.1 K.
to obtain the acid-equivalence points, the second of which was A length of 40 cm in the flow tube is monitored with the
used to calculate the concentration of the acid solution. Error FTIR spectrometer (Bomem MB104). IR spectra are recorded
in the concentration measurements has been calculated to bever the wavenumber range 460800 cnt?! with a resolution
+1%. of 4 cnrl. The RH in the flow tube is measured via a gas-

To investigate the solidliquid coexistence curves, it is  phase water line calibration, integrating the area under 4710
necessary to sample a solution under conditions at which both1690 cnt®. The calibration was carried out in two ways: (i)
solid and liquid phases are present at equilibrium. An aliquot by mixing of known flows of dry and saturated; Mt constant
(10 mL) of solution was placed in the glass vessel and vacuum temperature and (ii) by calibration under ice-saturated conditions
was applied for several seconds. This measure provided protechbetween 213 and 270 K. An example calibration curve from
tion against overpressuring for experiments to be carried out atmethod (i) is shown in Figure 2. The points are fitted by a
higher temperatures. The solution was taken to a temperaturefourth-order polynomial fit, and interpolated values from this
at which no solid phases were present and then cooled until acurve are used as the water-line calibration. All calibrations are
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Figure 2. 1Gas-phase water-line calibration: Integration of area #410  igure 3. Equilibrium relative humidity above malonic acid solutions
1390 cm™. as a function of temperature. Solution composition key (wt % malonic

. o . acid): @, 5.6; 4, 15.0;v, 28.2;4, 32.0; left-facing triangle, 41.1; right-
in agreement to within 3% over the full RH range, and in general facing triangle, 47.14@, 53.0;%, 59.3;+, Peng et ak.(compositions
the confidence level of reported relative humidities3i$%. as labels).

The calibration is checked during each experiment by setting
the system to water-saturated conditions. The entire path length of the IR beam was purged with dry,
For deliquescence-mode experiments the system is initially CO,-free air while outside the chamber.
at the lowest RH attainable, i,e L of dry N, added to the The silicon window is cooled such that it, and the particles
dry” aerosol flow that has passed through the silica dryer. The on jt, are the coldest part of the system. In a deliquescence
RH is incrementally increased until close to water-saturated experiment, a constant pressure of water vapor is maintained
conditions are present in the AFT. Conversely, in an ef- i the chamber and the temperature of the window is lowered.
florescence-mode experiment a “wet” aerosol flow is initially - The pressure in the chamber is monitored with two capacitance
mixed with a saturated Nflow and the RH is incrementally  manometers, with ranges of-Q and 0-10 Torr (MKS 220).
decreased. For each measurement, the system is allowed t@ressure variability in an experiment is generally less th&n
stabilize after the RH is adjusted. Then the infrared spectrum . 10-4 Torr, and the total pressure due to air leaks was less
is recorded and the RH is then incrementally either increasedinan 2 x 104 Torr. Two thermocouples calibrated over the
or decreased depending on the experimental mode. Infrarediemperature range 36223 K are used to measure the window
spectra were recorded as an average of 50 scans at'4 cm temperature and to verify that the window is the coldest part of
resolution. From the infrared spectrum, the RH is measured by the system. To ensure good thermal contact between the
the gas-phase water-line calibration as described above. Thehermocouple and the silicon, the thermocouple tip is mounted
condensed-phase features of the aerosol infrared spectrum argnder a PTFE washer, held to the surface of the window by a
used to determine the phase of the aerosol and the RH at whichsmall nut and screw. The temperature gradient across the
phase transitions occur. This is ascertained by subtracting fromyindow was found to be a maximum of 0.3 K at 233 K. The
the aerosol spectrum that of aerosol at the lowest RH for that temperature of the particles and the water vapor adjacent to the
experiment. The resulting spectra are analyzed for condensedyindow are estimated to be very similar given that the gaseous
phase water as a function of RH. Also, analyses of “difference mean free path is much smaller than the chamber dimensions.
spectra’ obtained by subtracting infrared spectra at subsequent parficles used in the malonic acid experiments are generated
relative humidities were used to pinpoint the RH of a phase yith an atomizer (TSI 3076). The aerosol flow is applied to
transition. _ _ _ the window for approximately 3 min, which leads to a coverage
2.3. SMC Experiments.Deliquescence at subeutectic tem- o fine droplets. Infrared spectra are taken over the frequency
peratures takes place under conditions that are supersaturatef;{,jmge 4008500 cnm! with a resolution of 4 cmt. Quantitative
with res;pect to ice formation. Braban et'&land Fortin and  gyperiments with oxalic acid were not performed because the
Tolbert? recently presented quantitative measurements of the 5o pressure of oxalic acid was sufficiently high that under
deliquescence RH of ammonium sulfate (particles and thin films e vacuum conditions used{ x 107 Torr) the oxalic acid
respectively) at temperatures below the eutectic of the am- . icles evaporated over the time scale of an experiment. A
monium sulfate-water system (254 K). Between 203 and 254 go\ experiments in which a dropper pipet was used to crudely
K dellquescer\ce occurred within experimental error of the 5 m a fim were performed to qualitatively confirm AFT
thermodynamically predicted value. Between 181 and 203 K, gynerimental observations at low relative humidities. The results

Fortin and Tolbert’ observed both ice deposition and deliques- 5y these experiments will be discussed briefly in Section 3.3.
cence processes occurring with equal frequency, and below 181

K, ice deposition was the sole mechanism for formation of
condensed-phase water on ammonium sulfate films.

A static mode chamber (SMC) previously described in Braban ~ 3.1. Bulk Solution Measurements: Water Vapor Pres-
et all8is used to investigate malonic acid deliquescence below sures.In Figures 3 and 4 the equilibrium RH of malonic acid
the eutectic temperature, 260 K. To achieve ice-supersaturatecand oxalic acid solutions are presented as a function of
conditions, aerosol particles are placed on an optically smoothtemperature and composition, respectively. For malonic acid,
silicon window that is held in the vacuum chamber. The silicon we have compared our results to Raoult's law for each
window is centered in the optical path of a Fourier transform temperature and find good agreement between the two, with
infrared spectrometer (Nicolet Magna 550 Series II) so that the only the most concentrated solutions at the highest temperatures
phase and solution characteristics of particles can be monitored.exhibiting a significant negative deviation from ideality. In some

3. Results
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100.5 TABLE 1: Summary of Experimental Data Used to
1 Construct Relative Humidity Contours and Equations of
_ 100.04 Solid—Liquid Coexistence Curves for Binary
X 99.5 1 3 Phase Diagram3
2 9904 Malonic Acid
3 T (A) Relative Humidity (%)
g 98'5__ . solution composition (wt % malonic acid)
E 98'0__ T(K) 56 150 282 320 411 471 530 593
& 9751 2741 974 960 936 919 892 882 836 792
= 97.0 2771 975 960 935 918 891 880 828 786
&~ 1 2811 975 960 933 918 890 87.7 819 779
%s4 2851 97.6 961 932 918 889 874 809 771
289.1 976 96.1 93.0 918 888 87.1 800 764
0 _2 4 6_ ) 8§ 10 12 ) 14 . 16 2931 977 961 928 918 887 86.8 79.1 757
Solution Composition (wt% Oxalic Acid) ] o
. i . . . . . (B) Constant Relative Humidity Contours
Figure 4. Equilibrium relative humidity above oxalic acid solutions -
as a function of compositions) This work (see Table 1 for temperature RH (%) equation
ranges used to calculate average RH for each compositibhéng 95 T=517.2— 11.6(wt %)
et al.2 experiments performed at= 298 K. 920 T =553.3— 7.16(wt %)
‘ 85 T = —965.3+ 55.8(wt %)— [0.616(wt %]
v | NRREA 80 T =12.85+ 14.74(wt %)— [0.1754(wt %3]
RH=95%1 90%,  85%) 80% | 75 T=629.5— 5.9(wWt %)

\ (C) Bulk Solution Thermodynamic Equilibrium Lines

W S—L coexistence T =151.1+ 2.11(wt %)+ [0.0046(wt %F]

\ Oxalic Acid
V! (D) Relative Humidity

2

3 2501 “"l equilibrium equation

§ ’;\“ ice line T =273.1— 0.15(wt %)— [0.0028(wt %]
Q

g

260

1
\ AT solution composition (wt % oxalic acid)
\ <t
RV N T (K) 7.1 10.7 143
I ! !
0 10 20 30 40 50 60 70 80 283 98.3 b b
Solution composition (wt% Malonic Acid) 288 96.7 b b
. . . . . 293 96.7 b b
Figure 5. Malonic acid-H;O binary phase diagram.— Ice— 208 6.4 975 b
C3H404aq) (left-hand side) and §E1404(sy-CsHaO4 ) (right-hand side) 303 97.6 96.7 96.2
coexistence curves:—+ —) extrapolation of coexistence curves; (---) 308 96.9 96.2 95.5
constant relative humidity contourd) solid—liquid coexistence curve 313 97.7 6.8 96.0
measurements (error bars represent 2 Sh)literature dat&? Aerosol 318 97.4 97.1 96.6
experiments: ) AFT results; k) SMC results. (Error bar represents ) o
2% RH and is estimated to be approximately the same for both (E) Constant Relative Humidity Contours
experiments.) RH (%) oxalic acid (wt %)

of the measurements the solution was supersaturated with respect gg g' (15
to malonic acid; however, no precipitation was observed in those 97 13.1

experiments. Selected bulk solution results from the room-
temperature study by Peng et?are also shown in Figure 3.
These results agree to within 2% of our values and in most
cases the deviations are less than 1%.

By fitting the malonic acid vapor pressure data as a function
of composition, RH contours were generated (see Figure 5,
_Table 1B). The qn_certainty associated with these contour lines  aghown in Figures 5 and 6 for malonic acid and oxalic acid,
increases when it is extrapolated beyond the temperature ranggespectively® Experiment not done.
of the experiments (above 293 K and below 274 K) and also
RH < 80%, as there are fewer data points in this region. For bars represent 2 standard deviations. The linear regression
RH < 80% the uncertainty is estimated to 18%, whereas at  (Figure 4, solid line) is used to plot the lines of constant RH in
RH > 80% the uncertainty is estimated to 4 %. The latter Figure 6 (Table 1E). Also shown in Figure 4 are the results
is supported by the agreement with the data from PengZ%t al. from Peng et al,and there is good agreement between the two

Due to the relatively low solubility of oxalic acid (e.g., 11.2 data sets.
wt % at 297 K; ref 3), the maximum oxalic acid concentration 3.2. Bulk Solution Measurements: Solid-Liquid Coexist-
studied was 14.3 wt %. Three solutions were studied over the ence Curves.Experiments were performed to supplement the
temperature range 28818 K. Over this temperature range the data available for the solidliquid coexistence curve®:24 The
RH was found to be constant within the errors of the experiment results for malonic acid and oxalic acid solutions are shown as
(see Table 1D). solid squares in Figure 5 and Figure 6, respectively. The data

The equilibrium RH as a function of solution composition is obtained are in good agreement with literature values, some of
shown in Figure 4. The RH for each composition reported here which are shown in Figures 5 and 6 as black triangtékhere
is the average value over the temperature range studied. Erroiis one anomalous point in the oxalic acid literature, seen in

(F) Bulk Solution Thermodynamic Equilibrium Lines

equilibrium equation

T =273.1— 0.24(wt %)
T = 244.5+ 10.92(wt %)—
[0.796(wt %] + [0.0242(wt %]

ice line
S—L coexistence
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Figure 7. Malonic acid aerosol infrared spectra. (Upper spectrum) Dry
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aerosol, RH= 95% (gas-phase water lines have been subtracted).

(1]

20

40

60

80

oo

Relative Humidity (%)

Figure 8. AFT malonic acid aerosol phase transition experiments. The
integrated area (356000 cnT?) largely arises from condensed phase
water. Two deliguescence mode experiments are shown: The first (gray
triangles, 268.9 K), exhibits deliquescence type behavior. The second
(solid triangles, 268.9 K), exhibits water uptake. Also shown is an
efflorescence mode experiment (open triangles, 293.8 K). Data for the
water uptake experiment have been normalized to th@Cnode,
~1225 cm?! in the 80% RH efflorescence mode spectrum. The
integration is performed after subtraction of the lowest RH aerosol
spectrum in order to minimize features due to the acid absorption.

and mixed with a flow of 2 kmin~1 dry N, gas. The solid
malonic acid spectrum matches that in the infrared libraries,
e.g., Sigma-Aldrich Condensed Phase FTIR LibraySome
assigned modes are-E stretch modes between 3200 and 2500
cm~1, the G=0 asymmetric and symmetric stretches at 1749
and 1686 cm’, the C-OH bend present at 1444 ci and the
C—O stretch at 1229 cm. Other modes are unassigned.

The aqueous malonic acid spectrum shown in the lower part
of Figure 7 is from the same experiment as the dry aerosol
spectrum, at a RH higher than the deliquescence RH. There is
a characteristic broadening of the modes upon dissolution. The
C=0 modes become less well resolved and there is a significant
decrease in peak intensity for the modes between 1500 and 1100
cm™L. The feature at 920 cm almost disappears entirely. In
addition, condensed-phase water features are present. Specifi-
cally, the OH stretch between 3500 and 2500 trand the

Figure 6 at 5.8 wt %, 271.6 K, that does not fit our experimental hydrogen-bonding mode below 1000 chare readily apparent.

data. The solid lines are fits to the data from this study and the

Two modes of behavior were observed in malonic acid

known points of the system including the water freezing point deliquescence experiments: (i) water uptake over all relative

(273.15 K), the melting point of the pure dicarboxylic acid, and
the eutectic point of the system (260 and 272 K for malonic

humidities with no sharp increase in condensed-phase water at
the thermodynamic deliquescence RH (black triangles) and (ii)

and oxalic acid, respectively). Fits for these lines are given in no water uptake until the thermodynamic deliquescence RH

Table 1.
3.3. Malonic Acid Aerosol Phase TransitionsDeliquescence-

(gray triangles). Examples of each type of behavior are shown
in Figure 8 along with an efflorescence-mode experiment (open

mode experiments for malonic acid particles were performed triangles). The residual area of the OH stretch condensed-phase

with both the AFT and the SMC. Deliquescence relative

water mode, after subtraction of the lowest RH malonic acid

humidities were plotted in Figure 5 by use of the RH contours aerosol spectrum, is plotted as a function of RH. The integrated
generated from the vapor pressure experiments. Thus theextinction area is over the wavenumber range 358@00 cnr?.
composition at the deliquescence RH is not measured directly This area was selected to minimize interferences from gas-phase
but calculated from the RH data in Table 1. A similar procedure water lines and the malonic acid-& modes. In the case of
was followed when oxalic acid deliquescence results were the experiment that exhibited the water uptake, the spectra were
plotted in Figure 6. Deliquescence-mode AFT experiments were normalized to the €0 mode, in the aqueous spectrum-at225

carried out between 293 and 263 K (Figure¥), and SMC
experiments between 277 and 252 K, (Figure ). Ef-

cm1, at 80% RH from the efflorescence-mode experiment, and
the lowest RH spectrum from the efflorescence-mode experi-

florescence-mode experiments were only carried out in the AFT ment was used to perform the subtraction. This was in order to

system and were all carried out at 293 or 298 K.
An infrared spectrum of solid malonic acid aerosol is shown

correct for the different aerosol populations used in the two
experiments and account for the condensed-phase water present

in the upper section of Figure 7, and an aqueous malonic acidin the lowest RH spectrum in the water uptake experiment. The
aerosol spectrum is shown in the lower section. In both, the solid spectrum shown in the upper part of Figure 7 is the initial

gas-phase water lines have been subtracted for clarity. The uppespectrum of an experiment in which the aerosol showed
spectrum is of aerosol that has passed through the silica dryerdeliquescence behavior, thus supporting the inference that it is
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TABLE 2: Summary of Phase Transition Relative 0.10
Humidities for Malonic Acid and Oxalic Acid: Literature
Values and Results from This Work 0,084
malonic acid oxalic acid ')
ERH DRH  ERH  TRH* DRH g 0067
TK) (%) (%) (%) (%) (%) =)
AFT® 2980 6 c <5 g 0%
293.8 6 69.0 13.5 98 E
288.0 80.1 12.7 97 T 0.02 Deliquescence
283.8 80.0 12.6 96.8
283.8 125  99.6 0.00
278.8 79.0 9.0 97 : : : :
274.8 14.0 290 280 270 260
273.7 81.1 Temperature (K)
268.7 86.0

Figure 9. SMC malonic acid aerosol phase transition experiment:

ggg? 83.7 20.0 —dP/dT as a funct_ion of temperature. At deliquescence_, water is taken

258.7 21.0 up by the malonic acid particles and the pressure in the chamber
SMe 277.0 825 decreases.

276.8 84.8 ) ) )

276.6 84.9 here), which supports the interpretation that the phenomenon

263.5 85.7 observed is efflorescence.

260.0 88.3 In addition to AFT experiments, malonic acid particle

gg;g gg-g deliquescence was investigated with the SMC system both above

2522 912 and below the eutectic temperature of the malonic-avidter
Prennietal 298 NO'  71¢ NO 9% system (260 K). The SMC results are shown in Figurek} (
Peng et ak 298 NO 652 51.8-56.7 97.3 and summarized in Table 2. As aerosol particles effloresce
Brooks etaP 297 74.3 93 readily under vacuum conditions, there were no observations

%; gg-g >95 of continuous water uptake behavior at relative humidities below
Parsons et 295 186 the deliquescence paint. .

292 73.7 During an experiment the pressure in the system (due to water

282.9 75.6 vapor) and the infrared spectrum are monitored as the temper-

272.2 80.5 ature is lowered. In Figure 9, the rate of change of pressure is

263.2 81.7 plotted as a function of temperature. The pressure is constant

a Anhydrous to dihydrate phase transition initial RHThis work. (—dp/dT ~ 0) until the particles deliquesce and take up water

¢Blank spaces indicate the experiment was not d8iND: phase (—=dP/dT > 0). Concurrent with this change in pressure, the
transition not observed.Calculated! Inferred from bulk solutions. infrared spectrum shifts from that characteristic of a solid to

that of an aqueous solution. From the plot-edP/dT and the
solid malonic acid. Also, the condensed-phase water modes argemperature at which the IR changes occur, it is possible to
absent and the modes &2000 cnt! are sharp and well-  calculate the RH at which deliquescence occurs. The second
resolved. drop in pressure after deliquescence seen in Figure~-2&0

It became evident that the extent to which the aerosol was K is probably due to heterogeneous freezing.
the aerosol was dried as much as possibi€% RH), the from both the AFT and the SMC experiments follow the
residual area of the OH stretch remains small and constant with€quilibrium deliquescence line and its extrapolation below the
increasing RH until a high RH, where the residual area of the €Utectic temperature of the malonic acidater system (see
OH stretch increases dramatically, indicating aerosol deliques- F19ure 5). This implies that malonic acid behaves in a manner

cence. In this example, the initial RH is 2% and deliquescence Similar to that observed for ammonium sulfate, in that deli-
occurs at 84%. If insufficient drying occurs in the silica dryer, guescence occurs below the eutectic temperature leading to the

then a gradual increase in the residual area of the OH stretch isformatlon of a metastable solution droplet. The lowest temper-

observed over the complete RH range, which implies the aerosolf?r;[ur.e at which ?ell?.uescgn'ce k\)AIIaS' iﬁser\éabli Waz “mltegé)lyl
population was not effloresced. The aerosol showing water € |ce supersaturation attainable in the chamber. As the

uptake behavior in Figure 8 was initially at 12% RH. Results of malonic acid is a strong function of temperature, by 250 K

. . . the DRH is >90%. Under these conditions in the SMC, ice
from malonic acid experiments over the temperature range deposition on the silicon window can occur and DRHs cannot
298.0-258.7 K, in which deliquescence was observed, are P

: be measured.
presented in Table 2. 3.4. Oxalic Acid Aerosol Phase TransitionsWith oxalic

In the case of the AFT efflorescence experiment shown in acid, two phase transitions were observed: conversion of
Figure 8 (performed at 293 K), the aerosol flow is not passed anhydrous oxalic acid to oxalic acid dihydrate and oxalic acid
through the silica dryer and the wet aerosol flow is mixed dihydrate deliquescence to an aqueous solution. Shown in Figure
initially with 2 L-min~! water-saturated N The RH is 10 are infrared spectra of the three aerosol phases from an AFT
incrementally decreased and the residual area of the OH stretchexperiment. The gas-phase water subtraction is not as clean as
is monitored as a function of RH. There is a gradual decreasewith the malonic acid aerosol spectra. This arises because the
in the residual area of the OH stretch as relative humidity is low solubility of oxalic acid (11.2 wt % at 297 R)eads to a
decreased, until there is a sharp decrease in area, e.g., at 6% w absorbance signal due to the acid in the infrared compared
RH in the experiment shown. This decrease in area is concurrentto the gas-phase water. In the anhydrous infrared spectrum
with distinct changes in the subtraction spectrum (not presented(Figure 10, upper spectrum) the broae-& and O-H stretch
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Figure 11. AFT oxalic acid deliquescence mode experiment. Area is

Figure 10. Oxalic acid aerosol infrared spectra. (Upper spectrum) Dry jnteqrated after subtraction of the lowest RH spectrum and is due to
anhydrous oxalic acid, RH= 4%; (center spectrum) oxalic acid condensed-phase water.

dihydrate, RH= 50%; (lower spectrum) aqueous oxalic acid aerosol,
RH = 98%. Gas-phase water lines have been subtracted and the spectr.
have been offset on theaxis. Thex-axis is split to remove features

Wavenumber (cm")

%ue to mass transfer limitations for the setisblid phase

due to CQ impurity. transition on the time scale of the experiment in the AFT.
Deliquescence occurs at RE99% for the experiment shown
modes are observed between 3300 and 2500c/ sharp in Figure 11. The DRH results for oxalic acid experiments are

mode at 1738 cmt is assigned to €O and the 1240 cnt plotted on the oxalic acidwater phase diagram in Figure 6.
mode to the €O stretch. Other features in the spectrum have The error bar shown is1.5%, which illustrates that within
not been assigned. At the transformation to the dihydrate (Figurethe errors of the experiments deliquescence was observed at
10, center spectrum), a strong infrared feature is apparent atthe thermodynamically predicted RH. These results, for the
3500-3300 cn1?, the C-H stretch intensity diminishes, a strong temperature range 29274 K, are summarized in Table 2.
feature becomes stronger between 2200 and 1809, ¢he C= The anhydrous to dihydrate phase transition was observed
O shifts to a higher wavenumber, and some of the fine infrared qualitatively with larger oxalic acid particles/films in the SMC.
features below 1500 cr decrease in intensity or broaden. Both The phase transition perturbed the water vapor control system;
the anhydrous and the dihydrate spectra match the library thus only qualitative results were obtained. Nevertheless, the
spectré?® In the IR spectrum of deliquesced aerosol (Figure 10, anhydrous oxalic acid to oxalic acid dihydrate phase transition
lower spectrum) the condensed-phase water features are preseiccurred in the SMC after the aerosol had been pumped down
and there is a general broadening of tre@mode and other  to vacuum for several hours. It is thought that the particles are
oxalic acid features. dry under these conditions, and apart from this phase transition,
As with malonic acid, it was difficult to effloresce oxalic no further changes were observed as the RH was increased.
acid aerosol particles. In this case, the aerosol had to be driedDeliquescence experiments were not performed.
to less than 5% RH. This was eXperimentally difficult due to It was On|y possib|e with the current AFT experimenta|
the lower SOlUbl“ty of the oxalic acid in water; i.e., in order to apparatus to p|ace an upper limit on the efflorescence RH of
getto a low RH, more water had to be removed from the aerosol gxalic acid. As discussed above, oxalic acid is considerably less
flow by the dryer. When the aerosol was effloresced, no water so|uble than malonic acid. Therefore it was more difficult, with
uptake was observed as RH was increased. If the aerosol washe current experimental flows, to remove sufficient water to
not fully dried, i.e., the aerosol had not effloresced, water uptake get to low enough relative humidities, especially considering
over the complete RH range was observed. In the resultsthat one must initially have aqueous aerosol in efflorescence-
discussed below, the aerosol was effloresced. mode experiments. At this point we report that the efflorescence
To illustrate the phase transitions as a function of RH, the occurs at an upper limit of RE= 5% at 293 and 298 K.
extinction area 35503350 cn1? of the infrared spectrum was
integrated after subtraction of the lowest RH spectrum. This 4 piscussion and Summary
area was selected as it is relatively featureless in the anhydrous
spectrum, there is a significant feature in the dihydrate spectrum, We have presented experimental data for the sdiglid
and the condensed-phase water features grow in upon deliqgueseoexistence curves, water activity, and aerosol phase transitions
cence. A sample experiment at 283 K is shown in Figure 11. for malonic and oxalic acid. We observed that both malonic
The phase transition to the dihydrate is observed atRt2% and oxalic acid aerosols sustain a substantial level of solute
+ 2%. At 303 K, anhydrous oxalic acid is predicted to be stable supersaturation before particle efflorescence occurs. It is likely
below RH= 11%725 above which the oxalic acid dihydrate is that the efflorescence observed in our experiments is homoge-
the stable phase up to the deliquescence RH. Table 2 summarizereous. We report the deliguescence relative humidities for
the variation of RH at which the dihydrate transformation is malonic and oxalic acid aerosols over the temperature ranges
initially observed in the aerosol spectrum as a function of 293.8-252.2 and 293:8278.9 K, respectively. These are among
temperature. The phase change RH increases as temperaturthe first published deliquescence relative humidities for these
decreases though the dependence is relatively weak. There arerganic acid aerosols. To put our results in context with other
significant changes in the infrared features between the anhy-recently published data, a summary is presented in Table 2.
drous and dihydrate phases that were observed to occur untilPrenni et al. characterized the water uptake behavior of
in general about RH= 30%, after which there was no change dicarboxylic acid aerosols at 298 K using a humidified tandem
in the infrared spectrum until deliquescence. This is possibly differential mobility analyzer (HTDMA) and condensation
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Figure 12. Deliquescence relative humidity as a function of temper-
ature for malonic acid: %) this work with aerosol; 4) Prenni et at.
(calculated); ©) Peng et at. (bulk); (O) Brooks et aP (bulk); (O)
Parsons et &’ (aerosol particles);) theoretical DRH line from
solubility data and literaturdHs (see text).

particle counter interfaced with a cloud condensation nuclei
counter. Chan and co-worké#§%have also carried out a series
of experiments at 298 K on the “water cycles” of dicarboxylic
acids including malonic acid and oxalic acid by use of the
electrodynamic balance (EDB) technique both for binary solu-
tions with water and for those with a ternary inorganic com-
ponent. Very recently Brooks et &lreport deliquescence
behavior of G_Cg dicarboxylic acid bulk solutions and ternary
dicarboxylic acid-ammonium sulfate bulk solution mixtures
between 293 and 263 K, and Parsons &t lave used optical
microscopy to study particle phase transitions.

J. Phys. Chem. A, Vol. 107, No. 34, 2008601

malonic acid solubility as a function of temperature, as described
in Seinfeld and Pand®. AHs was also calculated both from
the data presented in this work and from all the deliquescence
RH data shown in Figure 12. These calculations resultétHn
=12.8 and 14.7 kinol™%, respectively. Both values are slightly
lower than the literature value, though there are significant
uncertainties in the calculation that may account for the
differences in the literature and calculated values. For oxalic
acid, Peng et dreported an observed ERH of between 51.8%
and 56.7%, a region in which we did not observe any phase
change in efflorescence-mode experiments. However, they
observed some uptake of water at RH 80% in their
deliquescence-mode experiments. This possibly implies that the
efflorescence that they observed may not have been full.
Alternatively, if there is a strong dependence of the crystalliza-
tion kinetics on time, the differences may arise from the different
time scales of the two experiments or, given that classical
nucleation theory predicts the likelihood of a critical embryo
being formed is proportional to the volume of the solution and
the particles in EDB experiments are much larger than in the
aerosol flow tube experiments, the discrepancy may arise from
the different volumes of the particles. Prenni et aid not
observe efflorescence down to 5% RH. Here we have reported
the first observations of a phase transition of oxalic acid aerosols
from the anhydrous to dihydrate form. Our deliquescence results
are in agreement with bulk data from Peng et alnd the
calculated DRHs presented by Prenni ét\ale observe slightly
higher DRHs than those of the bulk saturated solutions measured
by Brooks et aP

The results from this study lead to preliminary implications
for aerosol in the atmosphere. Due to the very high supersatu-
rations achievable by these small dicarboxylic aerosols, should

in this study is consistent with other studies. We report
efflorescence for malonic acid at RH 6% + 3% at 298 and
293 K. Malonic acid particles did not effloresce under the
experimental conditions of Prenni etlabr Peng et al?, and

they will be deliquesced and follow the efflorescence/water
uptake curves with little hysteresis. However, should the aerosol
effloresce heterogeneously, then malonic acid would deliquesce
between 69% and 91% RH over the temperature range-293

thus these studies were unable to observe deliquescence. In boths2 2 K and for oxalic acid it would require conditions close

of these studies “reversible and continuous water sorption” {5 100% RH. One open question is why one observes such a
described particle behavior, consistent with the water uptake gegree of supersaturation. In inorganic systems, which have been

particles to a lowest RH- 5%. This is within error the same
RH at which we observed efflorescence, within the error of all
the studies. Prenni et aland Peng et @.may have been just
above the ERH for malonic acid. However, Parsons é&f al.
observed a median ERH of 18.6% (range 2018.3%) at 295
K. This value is thought to be an upper limit to homogeneous
nucleation because the particles are supported on a surface.
When malonic acid aerosol was dried to a lower RH than

ammonium sulfate and sodium chloride), whereas others do not,
e.g. ammonium bisulfate, ammonium nitrate, and magnesium
chloride. The next stage in our work is to consider more
chemically complex systems, including the ammoniated dicar-
boxylic acids and ternary mixtures of dicarboxylic acids with
ammonium sulfate.
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