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ABSTRACT: Prussian blue is a historical pigment
synthesized for the first time at the beginning of 18th
century. Here we demonstrate that the historical pigment
exhibits surprising adsorption properties of gaseous
ammonia. Prussian blue shows 12.5 mmol/g of ammonia
capacity at 0.1 MPa, whereas standard ammonia
adsorbents show only 5.08−11.3 mmol/g. Dense
adsorption was also observed for trace contamination in
atmosphere. Results also show higher adsorption by
Prussian blue analogues with the optimization of chemical
composition. The respective capacities of cobalt hexacya-
nocobaltate (CoHCC) and copper hexacyanoferrate
(CuHCF) were raised to 21.9 and 20.2 mmol/g, the
highest value among the recyclable adsorbents. Also,
CoHCC showed repeated adsorption in vacuum. CuHCF
showed regeneration by acid washing. The chemical state
of the adsorbed ammonia depends on the presence of the
water in atmosphere: NH3, which was stored as in the
dehydrated case, was converted into NH4

+ in the hydrated
case.

The history of Prussian blue is quite long and well
documented. In the 18th century, new pigments were

invented and older ones were augmented for painting.1 They
were used widely by various painters such as Vincent Willem van
Gogh and Hokusai Katsushika.2 Since the 19th century, in situ
photosynthesis of Prussian blue on paper has been used as a
photographic method: cyanotype.3 During the 20th and 21st
centuries, new functionalities of Prussian blue and its analogues
have been found one after another, e.g., radioactive Cs
adsorbent,4,5 electrochromism for smart window,6,7 room
temperature magnetism,8 photomagnetism,9−11 and utility for
electrodes in Na-ion batteries.12 For these new functionalities,
the crystalline subnanometer cavity network plays a crucial role.
The cavity network is a special feature of the open framework
material with coordination bonding.13−16 For their cavity
networks, storage, uptake, and separation of gases are typical
applications.17−24

Among the gases, ammonia (NH3) is often regarded as the next
big f rontier in public health protection.25 Actually, NH3 released
into the air combines with NOx or SOx into NH4 salt, a main
component of PM2.5. Reportedly, the cost of the health risk in
US by NH3 emissions from the agricultural sector is

approximately $36 billion US.26 Another report has described
that reducing NH3 emissions is the most effective means of
decreasing PM2.5.27 Furthermore, NH3 management is
necessary for various reasons: it is severely malodorous, a
candidate for hydrogen storage,28 and negatively affected
contaminant in hydrogen source for fuel cell29 that must be
reduced to less than 0.1 ppm.30

Our aim is to demonstrate the historical pigment and its
analogues as a solution for ammonia uptake technology, even
from the atmosphere, in which the ammonia concentration is
quite thin, 1−20 ppbv.31 The most important characteristic of
Prussian blue is the density of coordination sites in its cavity
network. The crystal structure of typical Prussian blue,
Fe[Fe(CN)6]0.75, is shown in Figure 1a, where ammonia
adsorption sites of two kinds are expected: vacancy site
surrounded by six NH3-capturing metals around an [Fe(CN)6]
vacancy and interstitial sites, which are confined spaces
surrounded by a cubic framework, where both NH3 and NH4

+

would be trapped. The respective concentrations of the vacancy
sites and interstitial ones are dense in principle: 6.8 and 9.0
mmol/g. Moreover, the vacancy site concentration can be
enhanced by controlling the chemical composition.
First we investigated a self-made Prussian blue sample

synthesized using micromixer32 or batch method. Its chemical
composition was evaluated as K0.23Fe[Fe(CN)6]0.74 with the
lattice constant a = 1.019 nm. In addition, two Prussian blue
analogues, cobalt hexacyanocobaltate (CoHCC), Co[Co-
(CN)6]0.60, and copper hexacyanoferrate (CuHCF), Cu[Fe-
(CN)6]0.50, were also tested to investigate the chemical
composition effect. Both CoHCC and CuHCF have more
vacancies than Prussian blue has. In fact, the respective BET
surface areas were 280, 547, and 848 m2/g, for PB, CoHCF, and
CoHCC (see Figures SI5 and SI6).
Adsorption isotherms for NH3 of Prussian blue and the

analogues after sufficient dehydration are shown in Figure 1b,
with the literature data for standard NH3 adsorbents,

33 i.e., ion-
exchange resin (IE, Amberlyst 15), zeolite (zeolite X13), and
activated carbon (Merck and Co. Inc.), and for the recently
developed adsorbent having the highest capacity.34 The amount
of ammonia adsorbed into Prussian blue at 0.1 MPa was 12.5
mmol/g, greater than that of any standard adsorbent. The

Received: March 14, 2016
Published: May 5, 2016

Communication

pubs.acs.org/JACS

© 2016 American Chemical Society 6376 DOI: 10.1021/jacs.6b02721
J. Am. Chem. Soc. 2016, 138, 6376−6379

http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02721/suppl_file/ja6b02721_si_001.pdf
pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.6b02721


maximum capacity was estimated as 12.4 mmol/g using the
Langmuir adsorption model. We also calculated the ammonia
distribution coefficient Kd, the ratio of the ammonia density in
solid to that in gas, at the lower concentration of 6.23 × 10−1−
1.06 × 101 Pa. Actually, Kd was calculated as 3.6 × 105 L(gas)/
L(adsorbent), meaning that the ammonia concentration in
Prussian blue is more than hundreds of thousands of times as
high as that in gas phase. In addition, Prussian blue analogues
having more vacancies have shown higher capacity: the
respective capacities of CoHCC and CuHCF estimated using
the Langmuir adsorption model were 21.9 and 20.6 mmol/g,
which are the highest values among porous and open framework
materials.34−44 The adsorption rate to reach the equilibrium of
CoHCC is faster than that of the IE and zeolite, as shown in SI
1.7.
During the adsorption process, Prussian blue and CoHCC

were confirmed not to degrade. From X-ray diffraction (XRD)
analysis results presented in Figure 1c, the crystal structures of
Prussian blue and CoHCC were maintained after NH3
adsorption. Especially, CoHCC showed adsorption−desorption
processes repeatedly without any decrease of capacity, as shown
in Figure 1d. The NH3-capacity per volume of CoHCC 25.6
mol/L is highest among the adsorbents maintaining a crystal
structure after the adsorption (see Figure SI3). Maintenance of
the crystal structure is important for applications because the
change of the crystal structure and the volume often causes
degradation. For example, Mg(NH3)6Cl2

45 expands its volume to
3.9 times by the NH3 adsorption, although it exhibits higher NH3
capacity.46

In contrast, the XRD peaks of CuHCF disappeared after NH3
adsorption, indicating that CuHCF transformed into an

amorphous material. The reason for the degradation of
CuHCF would be too many [Fe(CN)6] vacancies. The XRD
peaks of CuHCF remained after the use of thinner NH3, 200
ppmv of NH3 in air (Figure 1d), indicating that the CuHCF was
not degraded by trace NH3 adsorption.
The adsorption mechanism was confirmed from infrared (IR)

spectra for Prussian blue obtained in ambient air after ammonia
adsorption, implying the transformation of NH3 into NH4

+ with
H2O in air. As Figure 2a shows, new adsorption peaks appeared

after adsorption at 1670, 1410, 1220, and 1130 cm−1,
respectively, corresponding to degenerate deformation (δd) of
NH3/NH4

+, symmetric deformation (δd) of NH4
+, δd of (Fe

III−
NH3), and δd of (Fe

II−NH3),
47,48 indicating that some of the

adsorbed ammonia exists at [Fe(CN)6] vacancy sites with
coordination bonding at Fe sites and that the form of ammonia,
whether NH3 or NH4

+, can be detected from infrared spectra.
The NH4

+ is expected to be generated from NH3 adsorbed in
Prussian blue and H2O in ambient air.49 The transformation
from NH3 to NH4

+ was confirmed by variation of the related IR
peaks over time after the sample exposure to air. Figure 2b shows
time variation of the ratio of the IR peak height at 1410, 1220, and
1130 cm−1 to 2060 cm−1, where the peak of 2060 cm−1

corresponds to CN− vibration in the Prussian blue framework.
The peaks at 1220 and 1130 cm−1 corresponding to Fe−NH3
decrease, but that at 1410 cm−1, corresponding to NH4

+,
increases. Both changes seem to finish by 10 min. The result
shows that the mechanism of the ammonia adsorption by
Prussian blue in the presence of water resembles that of an ion-
exchange resin, where adsorbed NH3 transforms to NH4

+ + OH−

by combination with H2O.
Even in ambient air with only approximately 15 ppbv of

ammonia, the partial pressure of NH3 is 10
−5 kPa; Prussian blue

also functions as the ammonia adsorbent. Figure 3a portrays the
time variation of the IR spectrum of fresh Prussian blue when left
in ambient air in our laboratory, where the concentration of
ammonia in gas phase (ρg(NHx)) was 15.1± 2.0 ppbv. The peak
at 1410 cm−1 was found to increase over time. The variation of
the concentration was well simulated by the pseudo-first order
model. The ammonia concentration in Prussian blue was
saturated with 0.30 mmol/g after approximately 30 h exposure.
The IR peaks corresponding to NH3 were not observed because
more time is necessary for ammonia adsorption than for
transformation from NH3 to NH4

+. The Kd in ambient air was
estimated as 6.8 × 108 L(gas)/L(adsorbent), more than
thousands of times higher than the value for pure NH3 gas
described above. Enhancement of the NH3 adsorption ability in

Figure 1. (a) Crystal structure of Prussian blue. (b) NH3 adsorption
isotherm of Prussian blue (PB), copper hexacyanoferrate (CuHCF),
cobalt hexacyanocobaltate (CoHCC), other standard adsorbents,33 and
the recently developed adsorbent having the highest capacity.34 Solid
lines show simulation with the Freudrich model. (c) X-ray diffraction
(XRD) patterns of PB, CuHCF, and CoHCC, before and after NH3
adsorption. That of CuHCF after adsorption from the NH3 of 200 ppmv
in air is also shown. (d) NH3 adsorption isotherms of CoHCC, the
interval of obtaining each isotherm. The sample was kept at 150 °C for
24 h in vacuum.

Figure 2. (a) Time variation of the FTIR peaks in ambient air after the
ammonia adsorption test. (b) Time variation of the IR peak height of
Prussian blue at 1410, 1220, and 1130 cm−1 at leaving ambient air after
ammonia adsorption.
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ambient air is expected to be caused by the stabilization of NH3
into the NH4

+ in the combination with H2O in Prussian blue.
The adsorption speed of PB is than that of IE and zeolite in the
NH3 adsorption process. Details are presented in SI 1.13 and
Figure SI3.
To confirm the availability for the practical application of trace

NH3 uptake, we evaluated NH3 removal from air using a column
filled with Prussian blue or its analogues, demonstrating that all
of them exhibited sufficient performance. Ambient air with trace
ammonia gas, ρg(NH3) approximately 1 ppmv, was passed
through the column with approximately 2 ms of contact time.
Results show that 96%, 90%, and 95% of NH3 were removed
respectively from the air by Prussian blue, CuHCF, and CoHCC
(Figure SI9). For all cases, ρg(NH3) after passage through the
column is less than 0.1 ppmv, the human detection threshold50

and also the upper limit of impurity g-NH3 in fuel hydrogen by
ISO regulations.30 This result shows sufficiently prompt
adsorption for realistic use.
Reusability was also confirmed. Actually, CuHCF exhibited

good reusability for trace NH3 uptake by desorption with acid
washing. Figure 4 shows ammonia desorption from CuHCF

achieved by rinsing with sulfonic acid, as verified with IR spectra.
During the 10 sequential processes of adsorption and desorption,
the IR peak corresponding to NH4

+ clearly appears by contact
with ammonia gas and disappears by rinsing with sulfuric acid.
CoHCC shows reusability with a half of its capacity, although
Prussian blue showed difficult desorption (Figure SI10).
Adsorption sites of these two types depending on the presence

of water become beneficial for each application. When the
material is used for NH3 storage, the dehydrated situation, the
material adsorbs NH3 as it is. However, for the adsorbent for

trace NH3 in atmosphere, the hydrated case, ammonia is
adsorbed as NH4

+ with larger Kd, indicating avoidance of the
rerelease of adsorbed ammonia.
In summary, we found surprising ammonia adsorption

properties of Prussian blue, adsorbing ammonia even at trace
levels from ambient air. Over a long period, many pictures and
photographs using Prussian blue might capture ammonia from
the atmosphere. Results show that its adsorption performance
can be improved by crystal engineering, metal substitution, and
control of its vacancy density. The chemical state of the adsorbed
ammonia depends on the presence of water, an advantage for the
utilization for each application. Therefore, Prussian blue and its
analogues are expected to supply effective ammoniamanagement
technologies.
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