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Subcritical water has been recently employed as the mobile phase to
eliminate the use of organic solvents in reversed-phase liquid
chromatography. Although the influence of temperature on
retention in subcritical water chromatography has been reported,
the temperature effect on peak width and column efficiency has not
yet been quantitatively studied. In this work, several polar and
chlorinated compounds are separated using pure subcritical water
on Zorbax RX-C8, PRP-1 (polystyrene–divinylbenzene), Hypersil
ODS, and ZirChrom-polybutadiene columns. Isothermal separations
are performed at temperatures ranging from 60°C to 160°C. The
retention time and peak width of analytes are reduced with
increasing temperature. However, the column efficiency is either
improved or almost unchanged with the increasing temperature in
the low-temperature range (lower than the 100°C to 120°C range),
but it is decreased when temperature is further raised in the high-
temperature range (higher than the 100°C to 120°C range).
Therefore, a maximum in column efficiency is obtained at
temperatures within the 100°C to 120°C range in most cases.

Introduction

Reversed-phase liquid chromatography (RPLC) is a very
popular separation and analysis technique used today.
Unfortunately, organic solvents are required to achieve separa-
tion in RPLC. An enormous amount of these organic solvents is
consumed every day worldwide. These organic solvents are
expensive in terms of both purchasing and waste disposal. In
addition, they are also potentially harmful to the laboratory envi-
ronment and the operator. Therefore, searching for nontoxic sol-
vents as the mobile phase for RPLC is of great interest.
Ambient water is too polar to serve as an eluent for reversed-

phase separation. Fortunately, the polarity of water decreases
with increasing temperature. Therefore, the solubility of organic
compounds is dramatically increased in water at elevated tem-

peratures (1–4). For example, the solubility of some pesticides
and polycyclic aromatic hydrocarbons is increased several orders
of magnitude by raising the water temperature from ambient to
200°C (1–3). Thus, liquid chromatographic (LC) separations can
be achieved by using high-temperature (subcritical) water
(5–11). With two additional components (an oven and a back-
pressure regulator or restrictor), a conventional high-perfor-
mance liquid chromatographic (HPLC)–UV system can be easily
modified to a subcritical water separation system. The oven is
used to provide the temperature for subcritical water separation,
and the backpressure regulator prevents water from boiling
when working with temperatures higher than 100°C. The UV
detector is placed outside the oven. Depending on the separation
temperature and the flow rate of water used, the temperature of
the water eluent in the UV flow cell varies, but it is lower than the
oven temperature. If a backpressure regulator or a short packed
LC column is used to provide the backpressure, they are nor-
mally connected to the outlet of the UV flow cell. Thus, the flow
cell is under pressure and may be damaged.
Most reports on subcritical water chromatography mainly

focus on testing the feasibility of using subcritical water as the
mobile phase for reversed-phase separation (5–11). Even though
the effect of water temperature on the retention is mentioned in
some of these reports (5–11), a quantitative study of the temper-
ature effect on peak width and column efficiency in subcritical
water separation has not yet been reported. It should be pointed
out that the effects of temperature on retention, viscosity, diffu-
sivity, and the number of plates have been well-investigated in
conventional HPLC (12–17). However, the temperature range
was generally much narrower and normally went up to 80°C. In
addition, organic solvents were involved in the mobile phases of
these studies (12–17).
In this work, pure water at elevated temperatures and pres-

sures was used as the eluent to separate several polar analytes
and chlorophenols on four commercial columns, which
included the Zorbax RX-C8, polymeric PRP-1, Hypersil ODS, and
ZirChrom-PBD columns. Separations were performed at tem-
peratures ranging from 60°C to 160°C in an isothermal manner.
The peak width was monitored and the number of theoretical
plates was calculated to evaluate the temperature effect on
column efficiency.
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Experimental

Separation columns
A polystyrene–divinylbenzene column (PRP-1, 250- × 4.1-mm

i.d.) was purchased from Hamilton Company (Reno, NV). A
Zorbax RX-C8 column (250- × 4.6-mm i.d.) was obtained from
DuPont (Wilmington, DE). A Hypersil ODS column (100- × 4.6-
mm i.d.) (Keystone, Bellefonte, PA) was used to separate a phenol
mixture. Because the recently developed zirconia-based columns
have shown excellent thermal stability and column efficiency
(18–20), a ZirChrom-polybutadiene (PBD) column (100- × 2.1-
mm i.d.) (ZirChrom Separation Inc., Anoka, MN) was also
employed in this study. The particle size was 3 µm for the
ZirChrom-PBD column and 5 µm for the other three columns.

Reagents
All analytes used in this study were obtained from Sigma (St.

Louis, MO). The stock solutions of the solutes were prepared in
methanol (HPLC grade) (Fisher Scientific, Fair Lawn, NJ). The
deionized water (18 MΩ) was prepared in our laboratory using a
Sybron/Barnstead (Boston, MA) system. All mobile phases were
purged using helium gas prior to each use.

Subcritical water separation
A homemade subcritical water chromatography–UV system

was employed in this work. A Hewlett-Packard (Avondale, PA)
gradient pump Series 1050 was used to deliver the mobile phase.
The flow rate was 0.2mL/min for the ZirChrom-PBD column and
1 mL/min for the other three columns. The outlet of the pump
was connected to a Valco injector fitted with a 2-µL sample loop
(purchased from Keystone Scientific). The injector was located
just outside a Fisher Isotemp oven. A piece of stainless steel
tubing (100-cm × 0.005-inch i.d.) (Keystone) was connected
between the injector and the separation column as a preheating
coil. Both the preheating coil and the separation column were
placed inside the oven. The preheating coil acted like a high-tem-
perature water reservoir to ensure that the water eluent reached
the desired temperature before entering the separation column.
Because water will be vaporized at 1 atm and temperatures at
100°C or higher, backpressuremust be applied to the outlet of the
column in order to keep water in the liquid state. There are sev-
eral reasons for avoiding steam in subcritical water chromatog-
raphy–UV systems. The water mobile phase may stay in liquid
near the column inlet, thus causing steam to form inside the sep-
aration column near the outlet end if there is not enough back-
pressure applied. Thus, the mobile phase exists as two separate
phases (liquid water and steam) in the separation column. In
addition, the UV signal strongly fluctuates if steam exists in the
system. Thismeans that the UV detector is not stable when steam
passes through the flow cell. In this study, a capillary restrictor
(7-cm × 75-µm) (Polymicro Technologies Inc., Phoenix, AZ) was
placed outside the oven and between the separation column and
the UV flow cell in order to ensure that the water inside the sepa-
ration column stayed in the liquid state at higher temperatures.
Connection unions (1/16 inch to 1/16 inch) (Supelco, Bellefonte,
PA) were used to connect the restrictor. By 1/16-inch stainless steel
tubings, the inlet of union 1 and the outlet of union 2 were con-
nected to the column and UV detector, respectively. The fused-

silica capillary restrictor was connected with both unions using
graphite ferrules (Alltech, Deerfield, IL). We evaluated the influ-
ence of the restrictor dimension on the retention time using
restrictors having 7 to 30 cm in length and 51 to 103 µm in inner
diameter. However, therewas no significant effect of the restrictor
dimension on the retention time. A restrictor with a length of
7 cm and a 75-µm inner diameter was chosen for all of the exper-
iments reported in this work. An LDC variable wavelength
detector (spectro Monitor 3200, Riviera Beach, FL) was used in
this separation system. The UV detector was set at a wavelength of
254 nm for the entire work.
After purging the deionized water with helium, the water was

continuously pumped through the separation column at either
0.2 or 1 mL/min, depending on the columns used. Then, the
oven was turned on and set to a desired temperature. In order to
ensure that separations were carried out at the set temperature,
the first injection was not made until approximately 20min after
the oven temperature was reached. This allowed the stationary
phase in the packed column and the mobile phase to equilibrate
to the desired temperature. It should be noted that the tempera-
ture of the stationary phase and the mobile phase inside the
column lagged behind the oven temperature by approximately 5
to 20 min, depending on the temperature employed. A Hewlett
Packard 3396 Series II integrator was used as the data-recording
device. The peak width monitored in this work was at half-
height, and the number of theoretical plates (N) was computed
using the following equation:

N = 2π(tRH/A)2 Eq. 1

where H and A are the peak height and area, respectively.

Results and Discussion

Zorbax RX-C8 column
The Zorbax RX-C8 column was first used to study the temper-

ature effect on the peak width and column efficiency. The test
solutes in this study included pyridine, benzamide, catechol, and
guaiacol. The temperature used for the separation of these ana-
lytes ranged from 60°C to 100°C because this column was
proven to be thermally stable at temperatures up to 100°C for
several thousand column volumes (18). In case of coelution, the
analytes were injected individually. It is known that the retention
time is decreased with increasing temperature. The same trend
was observed in this study with all four solutes tested. For
example, pyridine was not eluted until approximately 44 min at
60°C (as shown in Figure 1A) (t0 = ~2.4min). However, the same
analyte was eluted within approximately 16 min at 100°C. It
should be noted that the decrease in retention with increasing
temperature was in an almost linear fashion (Figure 1A). Figure
1B demonstrates the temperature effect on the peak width for
the test analytes. Because the viscosity of water decreased dra-
matically when the temperature was raised (as shown in Table I)
(21,22), the diffusivity was greatly enhanced. Thus, narrower
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peaks were obtained at elevated temperatures. Similar to the
retention time, the reduction in the peak width with increasing
temperature was not dramatic.
The influence of temperature on column efficiency is demon-

strated in Figure 1C. Based on the type of curves in Figure 1C,
the solutes can be divided into two groups. The first group
includes benzamide and pyridine. The peak efficiency of these
two solutes was significantly improved with increasing tempera-

ture. The number of theoretical plates obtained at 100°C was
53–84% higher than that at 60°C for benzamide and pyridine.
This uptrend temperature effect on efficiency was achieved
because the reduction in retention was slower than the reduc-
tion in peak width when the temperature was raised. This phe-
nomenon can be seen from Figures 1A and 1B. When the
temperature was increased from 60°C to 100°C, the reduction in
retention time and peak width for benzamide was 49% and 62%,
respectively. However, the plate number of catechol and guaiacol
was almost unchanged when the temperature was raised from
60°C to 100°C. Thismeans that both the retention time and peak
width of catechol and guaiacol were decreased with similar rates
when the temperature was increased.

PRP-1 column
Because the polymeric PRP-1 column is thermally stable at

temperatures up to 160°C based on our previous work (18), the
temperature range was expanded to 160°C to evaluate the tem-
perature effect on the column efficiency with a greater tempera-

Table I. Temperature Effect on the Viscocity of Water*

Viscocity (cP)

Temperature (°C) At 50 bar At 100 bar

25 0.8898 0.8889
50 0.5479 0.5487
100 0.2836 0.2849
150 0.1832 0.1844
200 0.1345 0.1357
250 0.1061 0.1075

* Obtained from references 21 and 22.

Figure 1. Temperature effect on (A) the retention time, (B) peak width, and
(C) number of theoretical plates for separation on the Zorbax RX column.

Figure 2. Temperature effect on (A) the retention time, (B) peak width, and
(C) number of theoretical plates for separation on the PRP-1 column.
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ture range. Therefore, the temperature effect on the peak effi-
ciency of the same or similar solutes (resorcinol, catechol, ben-
zamide, and pyridine) was also investigated by using the PRP-1
column. The separation temperatures ranged from 60°C to
160°C at an interval of 20°C. The analytes were injected individ-
ually in case of coelution at higher temperatures. The retention
time and peak width were also significantly decreased with
increasing temperature as shown in Figure 2 (t0= ~2.0min). The
reduction in retention time and peak width was up to 80% for
these analytes by raising the separation temperature from 60°C
to 160°C. This means that the analysis was 7–9 times faster at
160°C than that at 60°C.
The effect of temperature on peak efficiency is depicted in

Figure 2C. Similar to the separation on the Zorbax column,
uptrend curves of temperature versus column efficiency were
obtained in the temperature range of 60°C to 120°C.However, the
number of theoretical plateswas decreasedwhen the temperature
was further raised to 160°C. Thus, the peak efficiency reached a
maximum at temperatures in the 100°C to 120°C range. This
maximum of peak efficiency shows that the reduction in reten-
tion timewas smaller than the reduction in peakwidth at the low-
temperature range, and the decrease in retention time was
greater than the decrease in peak width at the high-temperature
range. This phenomenon can be clearly seen from Figures 2A and
2B. For example, the retention time of resorcinol was reduced
35%while its peakwidth experienced a 48% reductionwhen tem-
perature was raised from 60°C to 80°C (low-temperature range).
However, the opposite phenomenon was observed at the higher
temperature range. When the temperature was increased from
140°C to 160°C, the decrease in retention time and peakwidth for
catechol was 20% and 8%, respectively.

Hypersil ODS column
In order to further explore the effect of temperature on

column efficiency, a mixture of phenol, 2-chlorophenol, and 2,3-
dichlorophenol was separated using a Hypersil ODS column.
Even though the thermal stability of this column is poorer than
the PRP-1 column, we still used a temperature range of 60°C to
140°C. Because the column was exposed to high temperatures
only for several hours (the most) in this study, the thermal sta-
bility did not get significantly worse within this short period of
time based on our previous study (18). Again, both the retention
time (t0 = ~1.0 min) and peak width were decreased with
increasing temperature as shown in Figures 3A and 3B. The
number of theoretical plates (equivalent to a 25-cm column) was
slightly increased for chlorophenols but stayed almost
unchanged for phenol when the temperature was increased from
60°C to 100°C. Further raising the temperature from 100°C to
140°C caused a significant decrease in column efficiency (as
demonstrated in Figure 3C). This was in agreement with the
results obtained by using the PRP-1 column even though dif-
ferent analytes were used.

ZirChrom-PBD column
Based on references 19 and 20, the ZirChrom-PBD column

was stable at temperatures up to the range of 150°C to 200°C.
Therefore, the phenol mixture was also separated on the
ZirChrom-PBD column at temperatures ranging from 60°C to

140°C. Because the inner diameter of the ZirChrom-PBD
column was 2.1 mm, a flow rate of 0.2 mL/min was used for this
column. Similar to separations on theHypersil ODS column, the
column efficiency was either increased or unchanged when the
temperature was raised from 60°C to 100°C (as shown in Figure
4C), but the plate number (equivalent to a 25-cm column) was
decreased when the temperature was further increased from
100°C to 140°C. However, the decrease in efficiency was less sig-
nificant for this zirconia-based column compared with that for
the Hypersil column. As can be seen from Figure 4C, increasing
the temperature from 60°C to 140°C resulted in either no
decrease or a very little decrease (approximately 15%) in effi-
ciency with the ZirChrom-PBD column but a typical 40%
decrease with the Hypersil ODS column. This means that the

Figure 3. Temperature effect on (A) the retention time, (B) peak width, and
(C) number of theoretical plates (equivalent to a 25-cm column) for separation
on the Hypersil ODS column.
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zirconia-based column is more suitable for separations at higher
temperatures. Another benefit associated with the ZirChrom-
PBD column is that the analysis time required by this column
was much shorter than that required by the Hypersil column. As
shown in Figures 3 and 4, separation on the ZirChrom-PBD
column was approximately four times faster than that on the
Hypersil column, but the column efficiency of the ZirChrom-
PBD under the fast analysis conditions was still competitive
compared with that obtained by the Hypersil column.

Mechanism for the temperature effect on column efficiency in
subcritical water chromatography
To the best of our knowledge, this is the first report that quan-

titatively describes the effect of water temperature on column

efficiency over a wide temperature range in subcritical water
chromatography. In many cases, a maximum in column effi-
ciency in subcritical water chromatography was obtained when
the water temperature was varied in this work. We believe that
this maximal efficiency was caused by two factors that are asso-
ciated with water temperature. The first one is the mass transfer
that improves the efficiency, and the second is the longitudinal
diffusion that worsens the column efficiency.
It is well-known that the diffusivity or diffusion coefficient of

the mobile phase (Dm) is directly proportional to the absolute
temperature and inversely proportional to the viscosity of the
mobile phase. Because the viscosity of water is decreased with
increasing temperature as demonstrated in reference 22 (Table I),
the diffusivity (mass transfer) of water is dramatically increased
and themass transfer resistance (the Cm term in the van Deemter
equation) is greatly decreased at elevated temperatures. Thus,
narrower bands and higher column efficiency should be expected
with increasing temperature. This is why the number of theoret-
ical plates was generally increased when the temperature was
raised from 60°C to the 100°C to 120°C range (as illustrated in
Figures 1–4). Therefore, we believe that mass transfer may domi-
nate the subcritical water separation process at the lower temper-
ature range (lower than the 100°C to 120°C range).
By increasing the temperature from 100°C to 120°C, the diffu-

sivity is further increased and even better mass transfer results.
However, the better mass transfer also causes a greater axial
molecular diffusion (longitudinal diffusion, the B term in the van
Deemter equation), which makes the column efficiency become
poorer. Therefore, the higher the temperature, the greater the
longitudinal diffusion (B is directly proportional to Dm in the van
Deemter equation) and the lower the column efficiency. This is
the reason why the number of plates was decreased when the
temperature was raised from the 100°C to 120°C range to the
140°C to 160°C range (Figures 2–4). Therefore, longitudinal dif-
fusionmay be the dominating factor that controls the subcritical
water separation at the higher temperature range. Carr et al.
(20) reported that the column efficiency was decreased for sepa-
rations using organic solvent–water mixtures at temperatures of
150°C and 200°C, although the authors indicated that thismight
be caused by the interaction of molecules with the column walls
at higher temperatures (20).
Because increasing the separation temperature causes lower

mass transfer resistance (the C term in the van Deemter equa-
tion decreases) but also greater longitudinal diffusion (the B
term in the van Deemter equation increases), a maximal column
efficiency may be observed. However, if the decrease in the C
term and increase in the B term are similar in the lower temper-
ature range, then they compensate each other. Thus, the effi-
ciency will stay unchanged when the temperature is increased
from low temperature to the 100°C to 120°C range. This is evi-
denced in Figures 1, 3, and 4. However, at a higher temperature
range the increase in the B term always exceeds the decrease in
the C term. Therefore, the column efficiency was always
decreased when the temperature was further raised. This may
explain why the number of plates was always decreasing with all
of the columns and solutes tested when the temperature was
increased from the 100°C to 120°C range to the 140°C to 160°C
range (as shown in Figures 2–4).

Figure 4. Temperature effect on (A) the retention time, (B) peak width, and
(C) number of theoretical plates (equivalent to a 25-cm column) for separation
on the ZirChrom-PBD column.
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Conclusion

The elution of several polar analytes has been achieved by
using pure water and four different types of commercially avail-
able reversed-phase columns at elevated temperatures under
moderate pressure to keep the water in the liquid state. A fused-
silica capillary restrictor was connected between the separation
column and the UV flow cell to provide the backpressure needed
to avoid water from boiling at higher temperatures. For all of the
analytes studied and columns used, the peak width was
decreased with increasing water temperature. For example, the
peak width of benzamide obtained on the PRP-1 column was
reduced by as much as 93% by raising the temperature from
60°C to 160°C. However, the column efficiency was either
improved or remained unchanged initially but then decreased
with increasing temperature. Thus, amaximum in efficiency was
observed at temperatures in the 100°C to 120°C range in most
cases.
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