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FLOW CHEMISTRY

On-demand continuous-flow
production of pharmaceuticals in a
compact, reconfigurable system

Andrea Adamo,! Rachel L. Beingessner,” Mohsen Behnam,'* Jie Chen,!
Timothy F. Jamison,>t Klavs F. Jensen,'t Jean-Christophe M. Monbaliu,'t
Allan S. Myerson,'t Eve M. Revalor,'§ David R. Snead,?|| Torsten Stelzer,'|
Nopphon Weeranoppanant,’ Shin Yee Wong,'# Ping Zhang?**

Pharmaceutical manufacturing typically uses batch processing at multiple locations.
Disadvantages of this approach include long production times and the potential for supply
chain disruptions. As a preliminary demonstration of an alternative approach, we report
here the continuous-flow synthesis and formulation of active pharmaceutical ingredients in
a compact, reconfigurable manufacturing platform. Continuous end-to-end synthesis in
the refrigerator-sized [1.0 meter (width) x 0.7 meter (Ilength) x 1.8 meter (height)]
system produces sufficient quantities per day to supply hundreds to thousands of oral or
topical liquid doses of diphenhydramine hydrochloride, lidocaine hydrochloride, diazepam,
and fluoxetine hydrochloride that meet U.S. Pharmacopeia standards. Underlying this
flexible plug-and-play approach are substantial enabling advances in continuous-flow
synthesis, complex multistep sequence telescoping, reaction engineering equipment, and

real-time formulation.

hereas manufacturing of automobiles,
electronics, petrochemicals, polymers,
and food use an assembly-line and/or
continuous, steady-state strategy, phar-
maceutical synthesis remains one of the
last industrial processes to apply a noncontinuous
or “batch” approach. Moreover, pharmaceutical
companies generally assemble the active phar-
maceutical ingredient (API) using molecular frag-
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ments obtained from different sources, with the
final synthesis steps done at the company loca-
tion. The API is then often mixed with excipients
and formulated in the final drug product form at
a separate plant. As a result, production of a
finished dosage form can require up to a total of
12 months, with large inventories of intermedi-
ates at several stages. This enormous space-
time demand is one of a myriad of reasons that
has led to increased interest in continuous
manufacturing of APIs and drug products, as
well as in the development of integrated pro-
cesses that would manufacture the drug pro-
duct from raw materials in a single end-to-end
process (I-5).

Another major challenge facing the pharma-
ceutical industry is drug shortages; the U.S. Food
and Drug Administration (FDA) has reported
well over 200 cases per year during 2011-2014
(6). The root causes of these shortages often trace
back to factors reflective of the limitations of
batchwise manufacturing, such as variations in
quality control and supply chain interruption.
Moreover, the small number of suppliers for any
particular medicine further exacerbates the chal-
lenges faced by batchwise manufacturing to re-
spond to sudden changes in demand or need,
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such as in epidemic or pandemic instances of in-
fluenza outbreak.

To address the above issues, we have devel-
oped a continuous manufacturing platform that
combines both synthesis and final drug product
formulation into a single, highly compact unit
(Fig. 1). The utilization of continuous flow (7-9)
within the system enables efficient heat and
mass transfer, as well as process intensification
(10) and automation. Over the past several years,
the merits of flow chemistry in streamlining syn-
thesis (11) have been successfully demonstrated
in the preparation of many individual high-profile
APIs (12, 13), including artemisinin (74), imatinib
(15), efavirenz (16), nabumetone (17), rufinamide
(18), pregabalin (19), and (E/Z)-tamoxifen (20).

Work with colleagues at the Massachusetts
Institute of Technology (MIT) on end-to-end, con-
tinuous manufacturing of a single API, aliskiren
hemifumarate, in a shipping container-sized unit
(2I) enabled us to identify critical steps in on-demand
manufacturing of pharmaceuticals. Specifically,
we chose to address challenges in reconfiguration

Fig. 1. Reconfigurable system
for continuous production and
formulation of APIs. (A)
Labeled photograph of the stack
of upstream synthesis modules.
(B) Labeled photograph of the
downstream purification and for-
mulation modules. (C) Close-up
examples of upstream units; PFA
tube flow reactors in an alumi-
num shell for heating (left) and
membrane surface tension—
based separation units (right).
(D) Images of some of the main
components in the downstream
unit including the (a) buffer tank,
(b) precipitation tank, (c) filtra-
tion unit, (d) crystallization unit,
(e) filtration unit, (f) formulation
tank, (g) solution holding tank,
and (h) formulated API. Details
are in the supplementary text.
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for multiple synthesis of multiple compounds,
tight integration of process streams for reduced
footprint, innovations in chemical reaction and
purification equipment, and compact systems for
crystallization and formulation. As a result, the
current system is ~1/40 the size and reconfigur-
able, in order to enable the on-demand synthe-
sis and formulation of not just one, but many
drug products. With the necessary regulatory
approvals, this proof-of-principle system could
enable a gradual phase-in of pharmaceutical pro-
duction in response to demand. Reproduction of
the system would be simpler and less costly to
operate than a full batch plant and so could pro-
duce pharmaceuticals only needed for small pa-
tient populations or to meet humanitarian needs.
It could be particularly advantageous for drugs
with a short shelf life. Furthermore, the ability to
manufacture the active ingredient on demand
could reduce formulation complexity relative to
tablets needing yearlong stability.

The flexible, plug-and-play refrigerator-sized
platform (Fig. 1) [1.0 m (width) x 0.7 m (length) x

permeate
outlet

inlet

1.8 m (height), ~100 kg] is capable of complex
multistep synthesis, multiple in-line purifications,
postsynthesis work-up and handling, semibatch
crystallization, real-time process monitoring, and
ultimately formulation of high-purity drug products.
To demonstrate its capabilities, we produced, from
raw materials, sufficient quantities to supply hun-
dreds to thousands of consumable oral or topical
liquid doses per day of four different pharma-
ceuticals: diphenhydramine hydrochloride (1),
lidocaine hydrochloride (2), diazepam (3), and
fluoxetine hydrochloride (4) (Fig. 2) (22). The lat-
ter API, fluoxetine hydrochloride (4), was synthe-
sized as a racemic mixture, as approved by the
FDA. These generic molecules from different drug
classes have differing chemical structures and syn-
thesis routes, thus challenging the capabilities and
exploring the technical limits of the continuous-
flow system. Moreover, they are drugs commonly
found in a chief medic’s toolkit. Diphenhydramine
hydrochloride (1), for example, well known by the
trade name Benadryl, is an ethanolamine-based
antihistamine used to treat the common cold,

1
rystalfization

R ”
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F

-process
control
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lessen symptoms of allergies, and act as a mild
sleep aid. Lidocaine hydrochloride (2), alterna-
tively, is a common local anesthetic and class-
1b antiarrhythmic drug. Diazepam (3), also known
as Valium, is a central nervous system depressant.
Finally, fluoxetine hydrochloride (4) is a widely
used antidepressant recognized by its trade names
Prozac and Sarafem.

As shown in Figs. 3 to 5, the synthesis of each
API utilizes simple starting materials and reagents
readily available from commercial suppliers and
highlighted advantages that flow chemistry offers
relative to batch synthesis. Synthetic schemes
were first developed in flow on a microliter scale
before translating to the platform. The reactions
leverage quick exposure at elevated temperatures
(130° to 180°C) and pressures (~1.7 MPa) in con-
trolled environments to enable faster reactions
with low impurity profiles and reduce total syn-

thesis times from hours to minutes. Reagents were
in high concentrations, close to saturation, and in
some cases even neat, which ensured high produc-
tivity while reducing waste and solvent amounts.
This is in contrast to batch conditions that use
lower concentrations, as solvents often also serve
as a heat transfer medium. Moreover, in the flow
system, reaction and purification occurred at the
same time at different locations within the same
uninterrupted reactor network. In batch, each of
the operations would be physically and tempo-
rally disconnected and would have much larger
time, space, and workforce requirements, hence
drastically increasing the global footprint and
decreasing the global output of a given process.

Assembly of the platform

The system consists of reconfigurable upstream
and downstream units (Fig. 1) that, despite hav-

ing many complex operations, can be managed
easily by an individual user. This is unlike typical
batch manufacturing, which requires many oper-
ators to oversee multiple large-scale reactors and
tanks with volumes on the order of thousands of
liters and the transport and formulation of the
final API in a separate processing plant (23). As
shown in Fig. 1A, the upstream unit houses
reaction-based equipment for producing APIs
(e.g., feeds, pumps, reactors, separators, and pres-
sure regulators) and has a maximum power re-
quirement of 1.5 kW, which is mainly consumed
by heating the reactors and operating the pumps.
The backside (in Fig. 1A), alternatively, repre-
sents the downstream unit (Fig. 1B) dedicated to
purification and formulation of the drug product
(e.g., tanks to precipitate the crude API from re-
action mixtures, crystallizers, and filters) (Fig. 1D).
Temperature, pressure, flow, and level sensors
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Fig. 2. Reconfigurable modules and flowcharts for API synthesis. (A) Diphenhydramine hydrochloride, (B) lidocaine hydrochloride, (C) diazepam,
and (D) fluoxetine hydrochloride. The top row represents the different modules. Colored modules are active, gray boxes designate inactive modules.
Reagent and solvent numbers refer to the compounds listed in table S2.
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are included at strategic positions and coupled
with data acquisition units to facilitate operational
monitoring and support real-time production
control. Because few commercial chemically com-
patible components were available and suitable
for the gram-per-hour size scale combined with
elevated temperatures and pressures, we devel-
oped most of the unit operations used in the
upstream and downstream systems, as detailed
in the supplementary text. These include pressure

sensors, clamshell reactors with an outer alumi-
num body, and inner PFA (perfluoro alkoxy poly-
mer) tubing for chemical compatibility with good
heat transfer (Fig. 1C and fig. S5), surface tension
liquid-liquid-driven extraction units (24) (Fig. 1C),
multiline back pressure regulators (fig. S3), auto-
mated precipitation, filtration (Fig. 1D and fig. S6),
and crystallization tanks, and automated formu-
lation (Fig. 1D and figs. S7 and S8). The ventilation
of this system was designed to have a face ve-

locity between 0.4 and 0.5 m/s, which is typical
for chemical fume hoods in the United States.
The units were arranged in modules of re-
actors and separators to enable reconfiguration
to produce the four different drug products with-
in the same system (Fig. 2; see table S2 for the
numbering scheme). The synthesis schemes dem-
onstrate the ability to reconfigure the system for
increasing levels of chemical complexity, starting
with diphenhydramine (Fig. 2A) with one reactor,

5 Upstream Me ! Downstream !
2 cl 3M NaOH |:| N, i ;
§ @ ol [ 0T we_; Me |
: N Ne, |
: O O it 0" |
: } e HCI ||
: ! HCI/Et,0 5
: o (10) :
diphenhydramine .
i T = 1H00E hixanss a?ﬂ:lat:t::s ' hydrochloride (1) |
i (neat, 4 eq.) 1= 1
: (5) t; = 15 min @) it 4500 doses/24h |

10 mL reactor :E| Heater

=

Back pressure regulator

@ Packed-bed column a Gravity-based separator [ charcoal cartridge EI FlowlR

Fig. 3. Synthesis of diphenhydramine hydrochloride using the reconfigurable system. Flowchart detailing the upstream and downstream synthesis.
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Fig. 4. Synthesis of APIs via two-step upstream configurations. (A) Lidocaine hydrochloride and (B) diazepam.
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one separator, and four pumps and finishing
with fluoxetine (Fig. 2D) with four reactors, four
separators, and 11 pumps. An inline attenuated
total reflection (ATR) Fourier transform infrared
(FTIR) system (FlowIR) (figs. S9, S13, S14, S18,
and S19) (25) provided real-time monitoring of
the formed APIs. LabVIEW (National Instruments)
programs were also implemented, along with
the high- and fast-performance modular X Series
data acquisition (DAQ) device and sensors for
monitoring multiple process parameters—namely,
pressure, reactor temperature, and flow rates.
The same LabVIEW platform was also used to
automate different units, including heating reactors,
pumps, gravity-based separators, and multichan-
nel valves. The downstream module alternatively
(Fig. 2, right-hand modules) consisted of precipi-
tation, filtration, redissolution, crystallization, fil-
tration, and formulation units. All drug products
were purified and formulated to meet U.S. Phar-
macopeia (USP) standards. Consistent with the
on-demand format, we focused on concentrated
aqueous or alcohol-based formulations ready for
dilution to target concentrations when needed and
stable for at least 31 days (table S1). Solid formu-
lations, such as tablets, would have required sub-
stantial additional space to house unit operations
of drying, powder transport, solids blending, and
tableting—all processes that would be difficult to
implement on the gram-per-hour scale. Nevertheless,
we are currently pursuing the miniaturization of
these processes so that solid formulations may be
prepared on the same platform.

Synthesis and formulation of
diphenhydramine hydrochloride

As a first demonstration of the capabilities of this
compact unit, diphenhydramine hydrochloride
(1) was manufactured in its final liquid dosage
form. As shown in Fig. 3, the process commenced
with the reaction between an excess amount of
neat 2-dimethylaminoethanol (5) and neat chloro-
diphenylmethane (6) at a temperature of 180°C
and a pressure of 1.7 MPa generated with the use
of a back pressure regulator (BPR). The reaction

was complete within 15 min, in contrast to typ-
ical batch processing requiring 5 or more hours
at 125°C in benzene for a similar substrate (26).
Because the product API has a melting point of
168°C, it could be handled in flow at 180°C in the
absence of additional solvent, thereby minimiz-
ing the waste generated. The molten salt was
then treated with a stream of preheated (140°C)
aqueous NaOH (7). An inline purification and
extraction process employing a packed-bed column
to increase mass transfer, a gravity-operated liquid-
liquid separator with automatic level control (fig.
S1), and an activated charcoal filter to remove the
colored impurities produced the diphenhydramine
API as a solution in hexanes in 82% yield.

In the downstream section, the API was pre-
cipitated with HCI (10), and the resulting salt
was filtered, washed, and dried in a specially con-
structed device with a Hastelloy filtration mem-
brane (fig. S6) (27). After redissolving in isopropyl
alcohol at 60°C, the diphenhydramine hydro-
chloride (1) was recrystallized in a crystallizer,
while being cooled to 5°C. Upon filtering and
drying, the crystals were dissolved in water. Real-
time monitoring using an ultrasonic probe yielded
the final dosage concentration (5 ml at 2.5 mg/ml).
High-performance liquid chromatography anal-
ysis determined that the purity of the product
conformed to USP standards (fig. S12) (28). Over-
all, the system capacity based on the optimal yield
observed in each step was 4500 doses per day.

The facile transition from 1 to the production
of lidocaine hydrochloride (2) (Fig. 4; see also
Fig. 2B) was next accomplished through simple
adjustments of the fluid manifolds to direct the
fluids to specific reactors and separators. Whereas
1 was produced via a single upstream reaction, both
2 and 3 were generated through similar two-step
upstream configurations, with modifications mainly
in the purification and extraction regimens.

Synthesis and formulation of
lidocaine hydrochloride

The synthesis of lidocaine hydrochloride (2)
began with the acylation of 2,6-xylidine (11) in

N-methyl-2-pyrrolidone (NMP) with neat chloro-
acetyl chloride (12), premixed inline with a stream
of NMP (13) to avoid decomposition on stand-
ing (Fig. 4A; see also Fig. 2B). Subsequent ad-
dition of a stream of KOH and Et,NH (14) in a
mixture of polar protic solvents facilitated the
installation of the tertiary amine to generate the
crude API, without any intermediate purification.
A BPR set at 1.7 MPa after reactor II enabled liquid
flow at elevated temperatures (120°C and 130°C),
allowing liquid operation well above the boiling
point of diethylamine (55°C) and some of the
solvents used (methanol and water). As a result,
the reaction was complete within 5 min versus
batch procedures of 60 min in refluxing toluene
(29) or 4 to 5 hours in refluxing benzene (30).
Overall, complete conversion (99%) of the starting
materials to the crude API was realized in only
36 min. To deliver the crude lidocaine solution
with sufficient purity for a streamlined down-
stream process, hexane (15) and a NaCl/NH,Cl
saturated solution (16) were then injected through
a cross-junction into the outlet product stream.
Upon passing through a packed-bed column con-
taining 0.1-mm glass beads and an inline gravity
liquid-liquid separator, lidocaine was obtained in
90% yield. The downstream processing next pro-
ceeded with the formation of the HCI salt in a
manner similar to that of diphenhydramine. After
recrystallization, 2 (88% yield) had a purity of
97.7%, thereby meeting USP standards (fig. S17)
(31). The API was treated with a premixed aque-
ous solution of 4% sodium methylcarboxycellulose
to yield a final concentrate. Overall, this system
can produce 810 doses (dosage strength = 20 mg/ml)
of lidocaine hydrochloride per day.

Synthesis and formulation of diazepam

Following the production of lidocaine hydro-
chloride (2), we next transitioned to diazepam
(3), through switching-in charcoal purification
and gravity-based extraction units. As shown in
Fig. 4B (see also Fig. 2C), the crude API was syn-
thesized in a two-step upstream sequence initiated
with the acylation of 5-chloro-2-(methylamino)
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benzophenone in NMP (18) with neat bromoacetyl
chloride (19) premixed inline with a stream of
NMP (20). Bromine displacement, followed by
an intramolecular cyclization reaction upon addi-
tion of a stream of NH3 in MeOH/H,0 (21), then
furnished the target molecule. Similar to lidocaine,
the application of elevated pressure (1.7 MPa)
and temperatures (90°C and 130°C) in this sequence
enabled liquid flow and complete conversion of
the starting materials in only 13 min compared
to 24 hours of batch operation at room tempera-
ture (32). After a continuous extraction, the organ-
ic stream was then passed through the activated
charcoal cartridge to remove the dark colored di-
mer and trimer side-products. After precipitation
and recrystallization in the downstream section,
the dried diazepam crystals (3) (94% yield) had
a purity level that met USP standards (fig. S22)
(33). Resuspending in ethanol in the formulation
tank then provided a concentrate. At a dosage con-
centration of 1 mg/ml (one dose is 5 ml at 1 mg/ml),
this system can produce ~3000 doses per day.

Synthesis and formulation of
fluoxetine hydrochloride

The last of the APIs produced, fluoxetine hydro-
chloride (4:), was specifically chosen to demonstrate
the versatility and capacity of this system to carry
out a complex, fully integrated, telescoped, multi-
step, biphasic synthesis (Fig. 5; see also Fig. 2D).
A series of individual reactions carried out in flow,
with purification and isolation of each interme-
diate in batch, has been previously demonstrated
(84). By integrating four reactors and four inline
separation units, however, we realized the contin-
uous end-to-end synthesis of this API as a racemic
mixture. As shown in Fig. 5, the entire upstream
reactor network was maintained at 1.7 MPa through
the use of multichannel BPR located near the
end of the upstream unit. The synthesis com-
menced with a DIBAL (27) reduction of a close-
to-saturated solution of 3-chloropropiophenone
in toluene (26) at room temperature in the first
reactor. A stream of 4 M aqueous solution of HCI
(28) was then introduced, and the resulting mixture
was subjected to ultrasound in the second reactor
to enable fast dissolution of the aluminum salts
and ensure long-term and stable operation of the
system (35). A two-stage inline extraction and
separation sequence with in-house-constructed
membrane liquid-liquid/gas separators removed
the aqueous waste and gas (24). An additional
stream of aqueous HCI (29) injected into the sys-
tem before the second separation ensured a com-
plete quench of the reaction.

The intermediate alcohol next reacted with
aqueous methylamine (30) at 135°C in the third
reactor in a biphasic flow. After a residence time
of 10 min, tetrahydrofuran (THF) (32) and aque-
ous NaCl (20 mol %) (31) efficiently extracted the
resulting amino alcohol into a suitable organic
solvent (THF) for nucleophilic aromatic substi-
tution in the fourth reactor. Upon separation of
the aqueous and organic phase, the latter passed
through a cartridge containing 0.4-nm molecular
sieves to remove residual water. After a short
residence time of 2.6 min in the fourth reactor,
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the fluoxetine solution merged with a stream of
water to prevent the precipitation of the KF salt.
Extraction and separation produced a solution of
fluoxetine in tert-butyl methyl ether (TBME) (36)
in 43% yield and at a production rate corresponding
to 1100 doses per day (one dose is 5 ml at 4 mg/ml)
prior to downstream processing. Similar to the
other three APIs, the downstream processing
involved a precipitation and recrystallization
sequence to provide fluoxetine hydrochloride
crystals that met USP standards (fig. S25) (36).
Redissolution in water yielded the final concen-
trate in 100 to 200 doses.

Overall, the total cycle times for the production
and formulation of the APIs varied from 12.2 hours
in the case of lidocaine hydrochloride to 47.7 hours
for fluoxetine hydrochloride (table S3). Whereas
the upsteam syntheses required three residence
times (total of 0.7 to 1.3 hours) of the sequential
reactions to achieve steady state, the downstream
processes took much longer and were mainly
dominated by the precipitation step. Because the
system featured valves, convenient feed swaps
(from reagents to solvents) and fast cleaning
procedures between each API production were
achieved. Appropriate solvent combinations were
added to the reactor lines to flush the up- and
downstream units. At the shortest, switching
the production of lidocaine hydrochloride to di-
azepam required a total of 15 min for a complete
flush of the internal lines in the upstream section.
A switchover from the simplest to the most com-
plex synthesis (diphenhydramine hydrochloride
to fluoxetine hydrochloride) would take 2 hours.
No cross-contamination was detected from run to
run, and the results were reproducible within a
standard deviation of 0.6% (diphenhydramine
hydrochloride) to 4.7% (fluoxetine hydrochloride)
yield for each API production within a single run.
The downstream purification and formulation
units required no reconfiguration—only the afore-
mentioned flushing. Thus, all transitions between
production runs could be completed in less than
4 hours. To meet current good manufacturing
practices, one could consider replacing the per-
fluorinated tubing and membranes in the reactors,
BPRs, and separators. The units were designed to
facilitate such a replacement.

Outlook

For over a decade, the FDA has been working to
stimulate modernization of small-molecule man-
ufacturing, which is largely based on batch man-
ufacturing processes (37, 38). The vision of the
FDA’s Pharmaceutical Quality for the 21st Century
Initiative is to create a more robust and flexible
pharmaceutical sector capable of manufacturing
high-quality APIs. Continuous manufacturing is
one such strategy for meeting this vision (I, 39).
Continuous manufacturing systems benefit from
integrated processing and control, which can trans-
late to increased safety (no manual handling) and
shorter processing times. The use of highly adapt-
able smaller equipment, which implements real-
time monitoring, may also lower production costs
and improve product quality (Z, 37, 38). The present
implementation of four well-known pharmaceuti-

cal drugs demonstrates the concept of continuous,
small-scale, on-demand production of pharma-
ceuticals. Already-demonstrated advances in flow
chemistry (17-20) could be realized on similar
platforms, and with additional research, ultimately
enable the continuous synthesis of modern small-
molecule pharmaceuticals, including enantiopure
APIs. The current system focused on liquid oral
and topical dosage formulations commensurate
with the on-demand approach. A complete alter-
native platform to current batch manufacturing
would inevitably have to produce pharmaceuti-
cals in the common dosage forms of tablets and
capsules as well as sterile injectable solutions,
which would require advances in downstream
processing. Specifically, classical unit operations
of crystallization, drying, powder transport, solids
blending, and tableting would have to be mini-
aturized and integrated. New approaches such as
three-dimensional printing of tablets could facili-
tate these developments. Realization and dem-
onstration of good manufacturing practices and
ultimately FDA approval will be critical to future ap-
plications of this technology, including production
units for hospitals, health care organizations, phar-
maceutical development, and humanitarian aid.
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STELLAR EVOLUTION

A white dwarf with an

oxygen atmosphere

S. 0. Kepler,'* Detlev Koester,? Gustavo Ourique*

Stars born with masses below around 10 solar masses end their lives as white dwarf stars.
Their atmospheres are dominated by the lightest elements because gravitational diffusion
brings the lightest element to the surface. We report the discovery of a white dwarf with an
atmosphere completely dominated by oxygen, SDSS J124043.01+671034.68. After oxygen,
the next most abundant elements in its atmosphere are neon and magnesium, but these are
lower by a factor of 225 by number. The fact that no hydrogen or helium are observed is
surprising. Oxygen, neon, and magnesium are the products of carbon burning, which occurs in
stars at the high-mass end of pre-white dwarf formation. This star, a possible oxygen-neon
white dwarf, will provide a rare observational test of the evolutionary paths toward white dwarfs.

hite dwarf stars are the end product of

stellar evolution for all stars born with

masses below 8 to 11 solar masses (M).

The limit depends on the initial compo-

sition on the main sequence, in partic-
ular the abundances of the heavy elements (the
metallicity), but also on uncertainties of the mod-
els and input physics. Among these are the
nuclear reaction rates of C+He and C+C and
the treatment of convection in the asymptotic
giant branch (1, 2). About 80% of white dwarfs
have atmospheres dominated by H, and the
remainder by He. All other elements are only
small traces, much less abundant than in the
Sun. The reason for this unusual pattern is
separation in the strong gravitational field (3).
The lightest elements present very rapidly
float to the surface once the white dwarf cools
below about 100,000 K effective temperature
(Tetr)- Except for the basic division of the two
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groups, which suggests different evolutionary
channels, the atmosphere of the white dwarfs
in their later cooling evolution has thus lost all
memory of the previous evolutionary phases.
There are only a few, very rare, exceptions to
this rule. At very high effective temperature,
Ter > 200,000 K, two stars (H1504+65 and RX
J0439.8-6809) (4) show no visible He or H but
a C/O mixture. The limits on the He abundance
are rather high, and it is quite possible that
these stars will develop H or He atmospheres as
they cool to lower effective temperatures, when
gravitational separation becomes efficient.
Between 22,000 K > T = 18,000 K, there
is a small group of stars, called Hot DQ white
dwarfs (5, 6), which have C-dominated atmo-
spheres. Their origin is not yet clear, but a likely
scenario is that the carbon is dredged up from
below the atmosphere once the convection zone
reaches deep enough (7). If this scenario is cor-
rect, the DQ stars demonstrate that underneath
the He layer there is a C layer resulting from
the previous He-burning stage on the asymptotic
giant branch. Another scenario is their forma-
tion by a merger of two white dwarf stars (8).

At lower effective temperature, around 12,000 K,
there is another small group of stars with strong
O lines in their spectra; they have He-dominated
atmospheres, but the next most abundant ele-
ment is O, followed by C (9-1I). It is plausible
that their composition is related to the pre-white
dwarf evolution, specifically C burning, but the
reason that they appear at this temperature and
this O/C ratio is not understood. To aid in our
understanding of the late phases of low and
intermediate mass star evolution, we searched
for new white dwarf stars through the 4.5 mil-
lion spectra in Data Release (DR) 12 (12) of the
Sloan Digital Sky Survey (SDSS) (13).

One of the results of our search was SDSS
J124043.01+671034.68 (spectrum with Plate-
Modified Julian Date-Fiber 7120-56720-0894),
which covers 3600 to 10,400 A with resolving
power R = A/3A ~ 2000. The spectrum (Fig. 1)
exhibits many O I spectral lines, appearing sim-
ilar to the group of cool stars with strong oxy-
gen lines in their spectra (10, 17). The absence of
any He lines could be understood if the stellar
effective temperature were near 11,000 K. How-
ever, closer inspection shows several lines of
ionized Mg II and even O II, which require 7¢¢ >
20,000 K. Temperatures ~20,000 K are also
obtained from the SDSS photometry and the
ultraviolet Galaxy Evolution Explorer (GALEX)
measurements (14). At this temperature, the H
and He lines, if these elements were present in
the atmosphere, should be very strong. The ab-
sence of any He and H lines is only possible if O
is the most abundant element. A detailed analysis
(see the supplementary materials) confirmed this,
with Te = 21,600 K and surface gravity log g =
7.93 = 0.17, where g = GM/R? is the surface grav-
ity in centimeter-gram-second units, with G the
gravitational constant, M the stellar mass, and R
the radius. Table 1 shows the atmospheric com-
position ratios determined from our modeling
(see the supplementary materials).

The surface gravity is typical for white dwarfs
(13) and corresponds to a mass of 0.56 + 0.09 M,
using the white dwarf mass-radius relation for
stars without outer H layer (15), but it is theo-
retically not expected for a star with an oxygen
atmosphere. From the estimated log g solution
and the SDSS photometry in the wugriz filters,
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