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METHODS AND APPARATUS FOR CONTROLLING METALS IN LIQUIDS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application is a continuation of co-pending U.S. patent application Serial No.
14/305,625, filed June 16, 2014. The aforementioned related patent application is herein
incorporated by reference in its entirety.
BACKGROUND
[0002] The present disclosure relates to metal sequestration in fluids, and more
specifically, to use of hexahydrotriazine and hemiaminal molecules, oligomers, and
polymers derived from aromatic, aliphatic, and/or polyether diamines to sequester and/or
remove metals from liquids.
[0003] Many commercially important processes exist to remove metals from liquids.
Metals are routinely removed from water for drinking, for purification of groundwater,
and for remediation of toxic sites. Metals are also removed from other liquids, such as
polar and non-polar organic liquids. Removing trace metals often requires costly additives
and instrumentation. There is a need in the art for a sensitive cost-effective way to remove
trace metals from liquids.
SUMMARY
[0004] According to one embodiment of the present disclosure, a method includes
exposing a liquid containing metal to a HA or HT metal control material; adsorbing metal
from the liquid onto the metal control material; and removing the metal from the liquid by
separating the metal control material from the liquid. The metal control material may be a
reaction product of an aldehyde and a primary diamine.
[0005] According to another embodiment, an apparatus includes a housing; a metal
control material comprising an HA material or an HT material disposed in the housing; a
connection structure coupled to the housing; and a support disposed in the housing and

supporting the metal control material.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS
[0006] Figure 1A is a UV spectrograph of a metal control material before and after

exposure to metal according to one embodiment.
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[0007] Figure 1B is a graph showing the effect of increasing lithium dose on UV
absorption absorption of a metal control material according to another embodiment.
[0008] Figure 2 is a flow diagram summarizing a method of removing metals from a
liquid according to one embodiment.
[0009] Figure 3 is a schematic side-view of an apparatus for removing metals in a liquid
according to another embodiment.

DETAILED DESCRIPTION
[0010] Hexahydrotriazine (HT) materials and hemiaminal (HA) materials derived from
aromatic, aliphatic, and/or polyether diamines may be used as a metal control material to
sequester or remove metals from a liquid. The metal control materials may be single
molecule species, oligomers, and/or polymers (ie., polyhexahydrotriazine, PHT,
polyhemiaminal, PHA). The metal control materials may be made using an aromatic
diamine, a polyether diamine, or a mixture thereof to react with a formaldehyde (i.e.
formaldehyde or paraformaldehyde). Other methods of making such materials include
reacting amines with chloromethyl ether. Such metal control materials will form a
complex with metal ions in a liquid, partially or completely sequestering or removing the
metal from the liquid to the metal control material. After loading with metal, the metal
control material may be removed, or otherwise separated, from the liquid leaving a
reduced metal content in the liquid. Possible metal which may be removed from the liquid
may be, without limitation, silver, zinc, lithium, calcium, and europium.
[0011] Figure 1A is a UV spectrograph of an exemplary metal control material before and
after exposure to metal ions according to one embodiment. The UV absorption spectrum
of the metal control material before exposure to metal ions is at 102, and the UV
absorption spectrum of the same material after exposure to metal ions is at 104. Figure 1A
is representative of the effect of various metals on various different kinds of HT and HA
materials. As metal dosing of the HT or HA material increases, UV absorption of the
material changes, indicating metal is being sequestered from the liquid by the removal
material. In the embodiment of Figure 1A, the effect of exposing an HT material, 1,3,5-
triphenyl-1,3,5-triazinane, to a solution of lithium trifluoromethanesulfonate (also known
as “triflate”) in 80% acetonitrile, with the balance dichloromethane, on the UV absorption
spectrum of the HT material is shown. Figure 1B is a graph showing the effect of

increasing dosage of lithium in the mixture above. The data 106 shows monotonically
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increasing absorption at a wavelength of 251.3 nm with increasing metal dose, indicating
increasing load of metal in the removal material. A saturation effect with respect to metal
dose is evident in Figure 1B.

[0012] Figure 2 is a flow diagram summarizing a method 200 of removing metal from a
liquid according to another embodiment. The method 200 involves using a nitrogen-
containing organic material to sequester metals from a liquid and optionally remove the
metals from the liquid. At 202, a fluid containing metal species is contacted with a
nitrogen-containing organic metal control material. The metal control material may
include an HT material or an HA material, or both. The metal control material may be any
of the metal control materials described herein, single molecule species, oligomer specices,
and/or polymer species, and may be structured according to any morphology convenient
for making contact with the liquid. For example, the metal control material may be
formed into particles, pellets, granules, powder, fibers, sheets, films, or any other
convenient form. The metal control material may also be supported in any convenient
way. For example, a sheet or film may be disposed on, or adhered to, a substrate, such as
a pipe surface, plate, grid, mesh, sphere, fiber or fiber bundle, pellet, or particle. In
another example, pellets, particles, granules, or powder may be disposed in a fixed or
fluidized bed on a support that may be a perforated plate, mesh, stacked spheres, and the
like. Any combination of the above may also be used.

[0013] Pellets, particles, granules, or powder forms may include particles of a base
material coated with a metal control material. For example, particles of a structural
polymer to which a metal control material will adhere may be coated with the metal
control material. Structural polymers that may be used include polyolefins such as
polyethylene and polypropylene, polystyrene, polyurcthane, polyisocyanurate, acrylic
polymers, polyesters, polyvinyl chloride, epoxy resins, polyamide, polyimide,
fluoropolymer, and the like. The base material may be added to the reaction mixture
before forming the metal control material, and may be present as the metal control
material is formed in order to acquire a coating of the metal control material.

[0014] The liquid may be contacted with the metal control material in any convenient
way. One way is to apply the liquid to a surface of a film of the metal control material.
The film may be disposed on a support, such as a platform or a rim, and the liquid may be

flowed, poured, sprayed, spin applied, ribbon applied, or otherwise applied to the film. In
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some embodiments, the film may be coated onto, or even adhered onto, a substrate. The
metal control material may be immersed into the liquid, such as by dipping an article
having a surface with the metal control material included therein into the liquid. The
liquid may be flowed on or through the metal control material. The liquid may be sprayed
on or through the metal control material. The liquid may be atomized into an aerosol that
is contacted with the metal control material. The liquid may penetrate the metal control
material, if desired.

[0015] The liquid may contact the metal control material at a phase interface, which may
be a solid-liquid interface or a liquid-liquid interface. For example, an organic phase
containing an HA or HT material dissolved or dispersed therein may contact a metal-
containing aqueous phase at a liquid-liquid interface where the HA or HT material may
contact metals in the aqueous liquid. In such an embodiment, the metal control material
may be removed by decanting the organic phase, leaving an aqueous phase with a reduced
metal content.

[0016] For a heterogeneous phase process as described above, metal control effectiveness
may be improved by increasing the surface contact area between the two phases. In a
solid-liquid system, particle size, surface area, and/or porosity may be adjusted to provide
a desired contact surface. If porosity is desired, a metal control material as described
herein may be foamed according to known procedures, and then the foam may be
powdered or pulverized to form porous particles.

[0017] In another embodiment, the metal control material may be dispersed into the
liquid. The metal control material may be in a powder form, and may be poured, or
otherwise introduced, into the liquid. In some cases, the metal control material may be
soluble in the liquid. If the metal control material is insoluble, or not substantially soluble,
in the liquid, the metal control material may be removed from the liquid following an
exposure period.

[0018] Without limitation to any specific mechanism, it is believed that metals cations
(M) in the liquid may associate with one or more nitrogen atoms in the metal control

material to produce a complex according to formula (1):
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* A ® * E
e, — Y
| i
* - (1)

wherein A” is an anion. The metals are adsorbed onto the metal control material at a
surface that contacts the liquid at 204. The surface remains in contact with the liquid for a
residence time selected to allow a desired amount of adsorption to occur. Typically, a
residence time of 1 second to 60 minutes is used. The effective residence time may be less
than the actual residence time if a portion of the metal control material has reached
saturation. If the available active surface of the metal control material is reduced, the
actual residence time may be increased to maintain an effective residence time within
useful limits. In a continuous flow embodiment, the flow rate of liquid along, across, or
through the metal control material may be slowed to increase the actual and effective
residence time.

[0019] The liquid is separated from the metal control material at 206. The separation
may be performed by removing the metal control material from the liquid, or by pouring
the liquid out, in a batch process, or by stopping flow of the liquid and removing the metal
control material in a flow process. It should be noted that multiple volumes or aliquots of
liquid may be contacted with the metal control material before the metal control material
is removed from service, although each individual aliquot or increment of flow is removed
from contact with the metal control material after a certain time.

[0020] The metal control material is typically contacted with liquid over an extended
time and may be used for multiple volumes of liquid. After a time, the metal control
material may become saturated with metal, and may then exhibit reduced effectiveness.
At 208, the metal control material may be regenerated to remove metal loading and restore
the metal control effectiveness of the material. The metal control material may be
contacted with a regeneration material, such as a basic liquid, to remove the metal. An
exemplary basic liquid that may be used to regenerate the metal control material is a 1M
aqueous solution of NaOH. Alternately, an aqueous solution of a strong acid may also be

used to regenerate the metal control material. An acid solution having pH less than about
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3 will disassemble and dissolve an HT or HA material, so an HA or HT material loaded
with metal may be exposed to such a solution to remove the metal and some of the HA or
HT material, leaving a cleaned surface of HA or HT material.

[0021] An HT material suitable for forming a film for detecting metals as described
herein is a molecule, oligomer, or polymer that has a plurality of trivalent

hexahydrotriazine groups having the structure

)

*/N\/N‘*;and

a plurality of divalent bridging groups of formula (2):

T
) Q)

wherein L' is a divalent linking group selected from the group consisting of *-O-*, *-S-*
*N(R)-*, *-N(H)-*, *-R"-*  and combinations thereof, wherein R' comprises at least 1
carbon and R" comprises at least one carbon, each starred bond of a given
hexahydrotriazine group is covalently linked to a respective one of the divalent bridging
groups, and each starred bond of a given bridging group is linked to a respective one of the
hexahydrotriazine groups. In one embodiment, R' and R" are independently selected from
the group consisting of methyl, ethyl, propyl, isopropyl, phenyl, and combinations thereof.
Other L' groups include methylene (*-CH,-*), isopropylidenyl (*-C(Me),-*), and
fluorenylidenyl:

()

*
*

[0022] For PHT materials with bridging groups of formula (2), the PHT may be
represented by formula (3):
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wherein L' is a divalent linking group selected from the group consisting of *-O-*, *-S-*
*N(R')-*, *-N(H)-*, *-R"-*, and combinations thereof, wherein R' and R" independently
comprise at least 1 carbon. Each nitrogen having two starred wavy bonds in formula (3) is
a portion of a different hexahydrotriazine group.

[0023] The PHT may also be represented by the notation of formula (4):

*_@L'@——* } Bridging Group
~ 3x'
* * \
\?Hz chll P
Triazine group ﬁ T——* *——T % Triazine group
/CH2 HZC\
Z L/ N X
(- J
— - (4)7

wherein x' is moles, L' is a divalent linking group selected from the group consisting of *-
O-*, *-S-* *_N(R')-*, *N(H)-*, *-R"-*, and combinations thereof, wherein R' comprises

at least 1 carbon and R" comprises at least one carbon. Each starred bond of a given
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hexahydrotriazine group of formula (4) is covalently linked to a respective one of the
bridging groups. Additionally, each starred bond of a given bridging group of formula (2)
is covalently linked to a respective one of the hexahydrotriazine groups. Polymer
molecules may be capped or terminated by a capping group in place of a bridging group in
formulas (3) and (4). Examples of capping groups include CHj, hydrogen atoms, cther
groups, thioether groups, and dimethyl amino groups.

[0024] The PHT or HT can be bound non-covalently to water and/or a solvent (e.g., by
hydrogen bonds).

[0025] Exemplary non-limiting divalent bridging groups include:
|
. 0o Oe
@ on, \/
o SN IR CURRSE O
/@C\Q\

[0026] A suitable PHT material may be made by forming a first mixture comprising 1)

, and combinations thercof.

one Or more monomers comprising two aromatic primary amine groups, ii) an optional
diluent monomer comprising one aromatic primary amine group, iii) paraformaldehyde,
formaldehyde, and/or another suitable aldehyde, and iv) a solvent, and heating the first
mixture at a temperature of about 50° C to about 300° C, preferably about 165° C to about
280° C, thereby forming a second mixture comprising a polyhexahydrotriazine. The
heating time at any of the above temperatures can be for about 1 minute to about 24 hours.
Diamine monomers suitable for making such PHT materials may have the general
structure HoN-Ar-L’-Ar-N-H,, where Ar denotes a benzene ring group and L’ is defined as

described above. Diluent monomers suitable for including in the reaction are typically
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primary monoamines RNH,, where the group R bonded to nitrogen has a structure

according to formula (5), formula (6), formula (7), and/or formula (8):

w w w
5 & ad
%), 6), * (N, (3),

wherein W' is a monovalent radical selected from the group consisting of *-N(R")}(R?), *-
OR3, —SR4, wherein Rl, Rz, R3, and R* are independent monovalent radicals comprising at
least 1 carbon. The starred bonds in formulas (5), (6), (7), and (8) denote bonds with the

nitrogen atom of the primary amine monomer. Non-limiting exemplary diluent groups

include:
\N/ O/ S/ \N/ O/ S/ \N/ O/
* , * , * , * , * , * , * , * , and
s~

*

. Diluent groups can be used singularly or in combination.

[0027] Non-limiting exemplary monomers comprising two primary aromatic amine
groups include 4,4'-oxydianiline (ODA), 4.,4-methylenedianiline (MDA), 4,4'-(9-
fluorenylidene)dianiline (FDA), p-phenylenediamine (PD), 1,5-diaminonaphthalene
(15DAN), 1,4-diaminonaphthalene (14DAN), and benzidene, which have the following

structures:
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H,
JOR SN oL
HN NH H,N NH,

[0028] 2 (ODA),

g‘g H,N NH> NH;
HoN NHy  (FDA, : NH>  (pD), OO (15DAN),

NH,

NH, (14DAN), and (benzidine).

[0029] Non-limiting exemplary diluent monomers include  N,N-dimethyl-p-
phenylenediamine (DPD), p-methoxyaniline (MOA), p-(methylthio)aniline (MTA), N,N-
dimethyl-1,5-diaminonaphthalene ~ (ISDMN),  N,N-dimethyl-1,4-diaminonaphthalene
(14DMN), and N,N-dimethylbenzidene (DMB), which have the following structures:

NH NH

2 (DPD), 2 (MOA),

\N/ \N/
v
N NH
(14DMN), and O O * (DMB).

NHz  (15DMN),  NH:

(MDA),

2 (MTA),

[0030] HT and HA metal control materials may be used to sequester or remove metals
without first forming a film. Small molecules, oligomers, and gels of metal control
materials may be added to a liquid to expose the metal control material to the liquid, and
the metal control material and any adsorbed metal may then be removed from the liquid.
In some cases, the metal control material may also be analyzed for UV absorption to
detect a saturation point. If the material is saturated with metal, a regeneration process
may be performed, as described above in connection with Figure 2. Some of the metal
control materials described above may be readily made into films. If a non-film material

is used, other kinds of divalent bridging groups may be used to make the metal control
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material. It should be noted that many diamines will react with aldehydes such as
formaldehyde to form metal control materials. Other exemplary diamines include
polyetherdiamines such as polyethylene glycol diamine. Alkyl diamines such as hexane
diamine will also react with formaldehyde to form metal control materials. The polyether
and alkyl derived materials might not readily form films, but gels, oligomers, and small
molecules may be formed that are usable as metal control materials.

[0031] Metal control may be performed in a continuous-flow mode, a batch mode, or a
combination thereof. In the continuous-flow mode, a body of HT or HA metal control
material may be exposed to a continuous flow of liquid to allow metals from the liquid to
be adsorbed by the metal control material. A UV absorption analyzer may be disposed to
detect metal loading of the metal control material, if desired. In a batch mode, a body of
HT or HA metal control material, optionally disposed on a support, may be brought to a
liquid to be processed and introduced directly in the liquid. Alternately, a fixed volume of
the liquid may be introduced to the metal control material, for example by adding the
liquid to a vessel containing the metal control material.

[0032] Figure 3 is a schematic side view of an apparatus 300 for controlling metals in a
liquid according to one embodiment. The apparatus 300 has a body 302 containing metal
control material disposed in a housing 304. The housing 304 has a connection structure
306 for connecting the apparatus 300 to a source of liquid having metals to be controlled.
The connection structure 306 may be a fitting or flange for connecting to a flow structure
such as a pipe, tube, or other conduit. The housing 304 may have any convenient cross-
sectional shape, such as circular, rectangular, or square.

[0033] The body 302 includes one or more of the metal control materials described herein,
and may take the form of a powder, a film or collection of films, a fiber or collection of
fibers, or a porous mass. In every form, the body 302 comprises one or more surfaces that
has a metal control material for contacting a liquid.

[0034] The body 302 may be disposed on or in a support 308. For example, a powdered
material may be supported on a perforated plate, mesh, sponge, or collection of spheres. A
fiber material may be disposed linearly along a major axis of the apparatus 300, and may
be terminated in a support plate or mass. In a collection of fibers, the fibers may all have

the same length or a wide variety of lengths. The fibers may be parallel or non-parallel,
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and in an embodiment wherein the fibers are parallel and similar in length, the fibers may
be curved or twisted, if desired, to provide a tortuous liquid flow path through the fibers.
[0035] In an embodiment wherein the metal control material is a powder, one or more
flow structures 310 may be included intermittently within the body to prevent fluid
channeling through the powder. The flow structures 310 may take the form of plates,
meshes, or baffles that force fluid to flow along a non-linear path through the apparatus
300. As shown in Figure 3, the flow structures 310 may be oriented axially, that is along
the major axis of the apparatus 300, transverse to the major axis, or at any desired angle
between. The flow structures 310 may be flat or curved, and may be twisted to produce a
rotating flow, such as a vortex flow, through the apparatus 300 to increase contact between
the flowing liquid and the metal control material of the body 302. In one embodiment,
flow structures may be arranged in an alternating interleaved pattern to provide a flow
path through the body 302 that is parallel to a support 308 in a first direction through the
body 302 to a wall of the housing 304, turns along the wall of the housing 304, and then
parallel to the support 308 in a second direction opposite to the first direction through the
body 302, for example in a boustrophedonic pattern.

[0036] The housing 304, connection structures 306, supports 308, and flow structures 310
may each be a structurally strong material such as metal or plastic, or combinations
thereof. Any of the housing 304, connection structures 306, supports 308, and flow
structures 310 may be lined or coated with a material, for example a fluoropolymer such
as Teflon, to improve flow and/or reduce adhesion of material to structures of the
apparatus 300.

[0037] The apparatus 300 may be used in a staged metal control configuration. Metal
control may be performed in stages using a plurality of metal control modules such as the
apparatus 300 in order to improve overall metal control results. A first stage may remove
a first portion of the metal in a liquid, and a second stage may remove a second portion of
the metal in the liquid. Any number of stages may be used, and piping may be provided to
connect or bypass any particular stage, for example to allow the stage to be replaced if
saturation is reached. In some embodiments, a recycle flow may be provided to perform
multiple passes of the liquid through one or more stages.

[0038] Metal control materials described above may be soluble to some extent in the

liquid being analyzed. The metal control materials may additionally be functionalized to
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affect solubility in various liquids. For example, a bridging group L’ that has hydroxyl
groups may be used to increase aqueous solubility or affinity. Alternately, or
additionally, substituents of the aromatic rings in the diamine or monoamine reactants may
include hydroxyl groups to increase aqueous solubility or affinity. Likewise, hydrocarbon
bridging groups L’ will tend to increase solubility or affinity for hydrocarbon liquids.

[0039] A related material that may be used to detect metals in liquids is a hemiaminal
(HA) material. A polyhemiaminal (PHA) is a crosslinked polymer comprising i) a

plurality of trivalent hemiaminal groups of formula (9):

covalently linked to ii) a plurality of bridging groups of formula (10):
K'—F* :
)y (10),

wherein y' is 2 or 3, and K' is a divalent or trivalent radical comprising at least onc 6-
carbon aromatic ring. In formulas (9) and (10), starred bonds represent attachment points
to other portions of the chemical structure. Each starred bond of a given hemiaminal
group is covalently linked to a respective one of the bridging groups. Additionally, each
starred bond of a given bridging group is covalently linked to a respective one of the
hemiaminal groups.

[0040] As an example, a polyhemiaminal can be represented by formula (11):

* (11).
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In this instance, each K' is a trivalent radical (y'=3) comprising at least one 6-carbon
aromatic ring. It should be understood that each nitrogen having two starred wavy bonds
in formula (11) is a portion of a different hemiaminal group.

[0041] The structure of formula (11) can also be represented using the notation of formula

(12):

Hemiaminal Group Bridging Group

p A R

*

N
CI—\|2
N

AN
cH
N

N

3x'

i
\\OH

Hemiaminal group

Hemiaminal group

H, H,
—N—C —N—C —NH
HO
x_\_/ (1

2), wherein x' is moles and each bridging group K' is a trivalent radical (y'=3 in formula
(10)) comprising at least one 6-carbon aromatic ring. It should be understood that each
starred nitrogen bond of a given hemiaminal group of formula (12) is covalently linked to
a respective one of the bridging groups K'. Additionally, each starred bond of a given
bridging group K' of formula (12) is covalently linked to a respective one of the
hemiaminal groups.

[0042] Non-limiting exemplary trivalent bridging groups for HA materials include:

*

| ** oS
A9 L9

be used singularly or in combination.

. The bridging groups can

[0043] Polyhemiaminals composed of divalent bridging groups K' can be represented

herein by formula (13):
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¥ (13),
wherein K' is a divalent radical (y'=2 in formula (10)) comprising at least one 6-carbon
aromatic ring. Each nitrogen having two starred wavy bonds in formula (13) is a portion
of a different hemiaminal group.

[0044] More specific divalent bridging groups have the formula (14):

S ON
) (13,

wherein L' is a divalent linking group selected from the group consisting of *-O-*, *-S-*
*N(R')-*, *-N(H)-*, *-R"-*, and combinations thereof, wherein R' and R" independently
comprise at least 1 carbon. In an embodiment, R' and R" are independently selected from
the group consisting of methyl, ethyl, propyl, isopropyl, phenyl, and combinations thereof.
Other L' groups include methylene (*-CH,-*), isopropylidenyl (*-C(Me),-*), and
fluorenylidenyl:

by

[0045] Polyhemiaminals composed of divalent bridging groups of formula (14) can be

represented herein by formula (15):
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) L % Portion of hemiaminal group
Portion of hemiaminal group

—A—

*;{N\QL.

Bridging Group
 Bridging Group

Hemiaminal Group

Bridging Group

‘%TW
/Portlon of hemiaminal group (15)

wherein L' is a divalent linking group selected from the group consisting of *-O-*, *-S-*,
*N(R')-*, *-N(H)-*, *-R"-*, and combinations thereof, wherein R' and R" independently
comprise at least 1 carbon. Each nitrogen having two starred wavy bonds in formula (15)
is a portion of a different hemiaminal group.

[0046] The polyhemiaminal of formula (15) can also be represented by the notation of

formula (16):
*—4@‘L'4©>——* Bridging group
3x'
4 HT———* "——NH A
?Hz éHz
N Ly
Hemiaminal group < C|)H2 éHz > Hemiaminal group
N— L
K XI
N HJ - ~ OH -

(16),
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wherein x' is moles, and L' is a divalent linking group selected from the group consisting
of *-O-* *.S-* *.N(R"-*, *-N(H)-*, *-R"-*, and combinations thereof, wherein R’ and
R" independently comprise at least 1 carbon. Each starred nitrogen bond of a given
hemiaminal group of formula (16) is covalently linked to a respective one of the bridging
groups. Additionally, each starred bond of a given bridging group of formula (16) is
covalently linked to a respective one of the hemiaminal groups.

[0047] The hemiaminal groups can be bound non-covalently to water and/or a solvent. A
non-limiting example is a hemiaminal group that is hydrogen bonded to two water

molecules as shown in formula (17):

H
/
Y
*\ \N/H H/(i)\

PT\/G\H
* (17).

In some embodiments, a hemiaminal material may form a covalent network with water
molecules that may be a polyhemiaminal hydrate (PHH). A PHA material of this form
may be made, for example, by reaction of polyethylene glycol oligomers with
paraformaldehyde. Such materials may be organogels in some cases.

[0048] Typical HT and HA polymers and oligomers, and PHH materials, as described
herein may be disassembled in aqueous solutions. HT oligomers and polymers will
disassemble into monomers and may dissolve in acid solutions having pH less than about
3, such as less than about 2.5, for example less than about 2. PHH materials may
disassemble into monomers in neutral water. Such properties may be useful in
regeneration of metal control material that has been saturated with metal due to use over
an extended period of time. The metal control material may be washed with a solution of
appropriate pH to remove any portion of the metal control material saturated with metals
and expose portions with lower, or zero, metal loading, thus regenerating the metal control
material. In embodiments with a removable detection element, a used detection element
may be replaced with a new detection element, and the used detection clement may be

subjected to a regeneration process including exposure to an aqueous wash solution of
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appropriate pH. Alternately, metals may be removed from the metal control materials
described herein by exposure to a basic solution.

[0049] An HA material suitable for use according to the methods described herein may be
made using the same groups of reactants as for the HT materials. The diluent monomers
described above may also be used to make HA materials. A method of preparing a
polyhemiaminal (PHA) comprising divalent bridging groups comprises forming a first
mixture comprising i) a monomer comprising two or more primary aromatic amine
groups, ii) an optional diluent monomer comprising one aromatic primary amine group,
ii1) paraformaldehyde, and iv) a solvent. The first mixture is then preferably heated at a
temperature of about 20° C to about 120° C for about 1 minute to about 24 hours, thereby
forming a second mixture comprising the PHA. In an embodiment, the monomer
comprises two primary aromatic amine groups. The mole ratio of paraformaldehyde: total
moles of primary aromatic amine groups (e.g., diamine monomer plus optional
monoamine monomer) may be about 1:1 to about 1.25:1, based on one mole or equivalent
of paraformaldehyde equal to 30 grams. The solvent can be any suitable solvent.
Exemplary solvents include dipolar aprotic solvents such as, for example, N-methyl-2-
pyrrolidone (NMP), dimethylsulfoxide (DMSO), N,N-dimethylformamide (DMF), N,N-
dimethylacetamide (DMA), Propylene carbonate (PC), and propylene glycol methyl ether
acctate (PGMEA).

[0050] A PHT material may be prepared from a PHA material. The PHT can be prepared
by heating a solution comprising the PHA at a temperature of at least 150° C, such as
about 165° C to about 280° C or about 180° C to about 220° C, for example at about 200°
C for about 1 minute to about 24 hours. Additionally, a mixed PHA/PHT copolymer may
be made by partially converting a PHA material to a PHT material. A combination of low
conversion temperature, for example about 150° C to about 165° C, and short conversion
time, for example about 1 minute to about 10 minutes, may be used to make a mixed
PHA/PHT material.

[0051] An exemplary PHA material may be made by reaction of 4,4’-oxydianiline (ODA)
with paraformaldehyde (PF). The product is a powder or solid plastic.



WO 2015/195378 PCT/US2015/034534

Hopo}H
O m
oqa.,.
HQN NH NMP

2
50°C, 24 hr N

ODA PF
m>1
jo8
*%N
oo
P-1

4,4'-Oxydianiline (ODA, 0.20 g, 1.0 mmol) and paraformaldehyde (PF, 0.15 g, 5.0 mmol,
5 equivalents (eq.)) were weighed out into a 2-Dram vial inside a N»-filled glovebox. N-
methylpyrrolidone (NMP, 6.2 g, 6.0 mL, 0.17 M) was added. The vial was capped but not
sealed. The reaction mixture was removed from the glovebox, and heated in an oil bath at
50° C for 24 hours (after approximately 0.75 hours, the polymer begins to precipitate).
The polyhemiaminal P-1 was precipitated in acetone or water, filtered and collected to
yield 0.22 g, >98% yield as a white solid.

[0052] A second exemplary PHA material may be prepared by reaction of 4,4'-
methylenedianiline (MDA) with PF:
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ODA was substituted with 4,4'-methylenedianiline (MDA) and a mole ratio of MDA to PF

of 1:5 was used. Solid yield of 0.15 g, 69%, was an amorphous, insoluble off-white

powder.

[0053] A PHT material may be prepared by reaction of ODA and PF, as follows:

o
H,N NH,

ODA

Ho(\/otH

_—
NMP
200°C, 3 hr

PF
m>1

e N
HZC/
[
1
H,C
*_ \N
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P-4, a polyhexahydrotriazine, was prepared by reaction of 4,4’-oxydianiline (ODA) with
paraformaldehyde (PF). ODA (0.20 g, 1.0 mmol) and PF (0.15 g, 5.0 mmol, 2.5 eq.) were
weighed out into a 2-Dram vial inside a N,-filled glovebox. NMP (6.2 g, 6.0 mL, 0.17 M)
was added. The reaction mixture was removed from the glovebox, and heated in an oil
bath at 200° C for 3 hours (after approximately 0.25 hours, the polymer begins to gel in
the NMP). The solution was allowed to cool to room temperature and the polymer was
precipitated in 40 mL of acetone, allowed to soak for 12 hours, then filtered and dried in a
vacuum oven overnight and collected to yield 0.21 g, 95% vyield of P-4 as an off-white
solid.

[0054] The metal control materials described herein may be included in a composite
material that may be used as a metal control material in any of the embodiments described
herein. Any desired blend material for a composite may be added to the reaction mixture
of diamine and aldehyde prior to formation of a reaction product. For example, reactants
may be mixed at a non-reacting temperature, for example less than about 50°C for some
embodiments, and a solid polymer material, for example a powder, a fiber aggregate, or a
nanotube aggregate, may be added. The resulting combination may be mixed as the
temperature is increased to form a reaction product. Any desired polymer may form a
composite material with an HA, HT, or PHH material to provide selected properties.
Carbon nanotubes may form a composite with HA, HT, or PHH materials. Polyolefin
polymers may also form composite materials with a HA, HT, or PHH material. Such
composite materials may be used as metal control materials for sequestering or removing
metals from liquids in some embodiments.

[0055] While the foregoing is directed to example embodiments of the present disclosure,
other and further embodiments may be devised without departing from the basic scope

thereof, and the scope thereof is determined by the claims that follow.

21
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CLAIMS
What is claimed is:
1. A method comprising:
exposing a liquid containing metal to a HA or HT metal control material;
adsorbing metal from the liquid onto the metal control material; and
removing the metal from the liquid by separating the metal control material from

the liquid.

2. The method of claim 1, wherein the metal control material is a reaction product of

a formaldehyde and a primary diamine.

3. The method of claim 2, wherein the metal control material is a PHT material.

4. The method of claim 3, wherein the PHT material comprises an aromatic bridging
group.

5. The method of claim 2, wherein the contacting the metal control material with the

liquid comprises forming a powder of the metal control material and adding the powder to

the liquid.

6. The method of claim 5, wherein the powder is at least partially soluble in the

liquid.

7. The method of claim 1, wherein the contacting the metal control material with the

liquid comprises continuously flowing the liquid across the metal control material.

8. The method of claim 2, wherein the metal control material is a material comprising

a PHT material and a PHA material.

9. The method of claim 1, wherein the metal control material is formed by a process

comprising:

22
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forming a mixture comprising one or more monomers comprising two aromatic
primary amine groups having the general structure HyN-Ar-L’-Ar-N-H,, wherein Ar
denotes a benzene ring group and L’ is a divalent linking group, and a solvent; and

heating the mixture at a temperature of about 165° C to about 280° C for about 1

minute to about 24 hours.

10. A method, comprising:

flowing a liquid containing metals through metal control material comprising an
HA material or an HT material, wherein the HA material or the HT material is a reaction
product of a diamine and an aldehyde; and

removing the metal control material from the liquid containing metals; and

removing adsorbed metals from the metal control material by exposing the metal

control material to a regeneration material.

11. The method of claim 10, wherein the regeneration material is an aqueous basic

solution or an aqueous acid solution.

12. The method of claim 10, further comprising coating the metal control material onto

a support.

23
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