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Abstract

A new method to prepare Cu/ZrO, catalysts by reducing CuO/ZrO, with hydrazine hydrate is reported, and the prepared
catalysts were used to synthesize disodium iminodiacetate by diethanolamine dehydrogenation. Hydrazine hydrate can
rapidly reduce the CuO/ZrO, precursor powder in an alkaline environment at a moderate temperature. The ratio of Cu’/
Cu™ at the Cu/ZrO, surface was controlled by the amount of hydrazine hydrate and the reduction reaction time. The forma-
tion mechanism of disodium glycine as the main byproduct and iminodiacetate were deduced by investigating the product
yield, the reaction time, and the presence of acetaldehyde in the evolved gas. It has been shown that the ratio of Cu%Cu*
in Cu/ZrO, significantly affects the dehydrogenation of diethanolamine into disodium iminodiacetate. Cu® and Cu* are the
catalytic activity centers in the dehydrogenation of diethanolamine which respectively produce intermediate aldehydes and
an ester via nucleophilic addition reactions. The formation mechanism of sodium glycinate is related to the tautomerism of
intermediate products and Schiff base hydrolysis.

Graphic Abstract
The formation mechanism of disodium iminodiacetate and sodium glycine producing by the dehydrogenation of diethanola-
mine over the Cu/ZrO, catalysts which were prepared by a new reduction method.
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glycine (Gly) route and (IV-V) the iminodiacetic acid (IDA)
route [2]. The iminodiacetic acid route usually involves
transforming IDA, formaldehyde, phosphoric acid, and
other reactants into N-(phosphonomethyl) iminodiacetic acid
hydrate (PMIDA), which is then oxidized to obtain glypho-
sate. Currently, using diethanolamine (DEA) dehydrogena-
tion to synthesize IDA is the most environmentally-friendly
and safe process [3].

NH,CH,COOH + (CH,0) - (HOCH,),NCH,COOH

M
(HOCH, ) ,NCHCOOH + (CH;0),P(O)H
— (CH;0),P(O)CH,N(CH,0H)CH,COOH a
(CH;0),P(0)CH,N(CH,0H)CH,COOH
— (HO),P(0)CH,N(CH,0H)CH,COOH (It
NH(CH,COOH), + HCHO + PCl,
Iv)

— (HO),OPCH,N(CH,COOH),

(HO),0PCH,N(CH,COOH) , = (HO),OPCH,NHCH,COOH
V)
DEA reacts with NaOH in an autoclave at 160-180 °C
and a pressure of 1-2 MPa over Cu-based catalysts to pro-
duce disodium iminodiacetate, which is then purified by
acidification to obtain IDA [4-7]. The catalytic mechanism
of DEA dehydrogenation has rarely been reported and is
generally thought to be similar to the dehydrogenation
mechanism of other fatty alcohols where esters are produced
using Cu-based catalysts. The Cu-based catalysts catalyze
the dehydrogenation of diethanolamine to form an interme-
diate aldehyde, followed by two molecules of aldehyde com-
bining to form a carboxylic acid and an alcohol [8].
Cu-based catalysts are widely used in the dehydroge-
nation of alcohols to produce esters or aldehydes [9-14].
Excellent results for the selective conversion alcohols to
esters have been achieved using Cu/ZrO, catalysts [15-20],
and interfacial metal-support interactions between Cu and
Zr0O, enhances the dehydrogenation of ethanol to form ethyl
acetate [18]. A CuO/ZrO, precursor was prepared by co-
precipitation, followed by high-temperature reduction under
an H, flow to obtain Cu/ZrO, catalysts [15, 19-21]. In addi-
tion to Cu®, a small amount of Cu? in Cu/ZrO, catalysts
plays an essential role in the selectivity of ethyl acetate in
the dehydrogenation of ethanol [15]. The Cu content in CuO/
Zr0O, and CuO/SiO, during programmed temperature reduc-
tion were studied by X-ray absorption near edge structure
(XANES), which showed that the copper in CuO under-
went reduction via Cu** — Cu™ — Cu® under an H, flow.
When the Cu content in the catalysts is high, Cu® is the
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main species present, but when the Cu content is low, the
amount of Cu in the ZrO, carrier is high, and the nearby
oxygen vacancy makes it difficult to reduce Cu™ to Cu® [22,
23]. The type of carrier also has a certain effect on the Cu’/
Cu* pair. As the amount of zinc oxide content increases in
Cu/SiO, catalysts, the Cu* content also increases [24]. Cu,O
provides active acidic sites (Lewis acid sites) on the surface
of the catalysts which help promote the chemical adsorption
capacity of intermediate aldehydes, thereby increasing the
reaction rate and conversion of organic acids [15, 25]. Cu,0/
MgO has a better catalytic activity than Cu/MgO for the
catalytic reaction of cyclohexanol for cyclohexanone pro-
duction [26], suggesting that Cu* and Cu® have differences
in their catalytic activities.

In the present paper, Cu/ZrO, catalysts were prepared by
reducing CuO/ZrO, precursors with hydrazine hydrate. The
best results obtained with this catalyst were a 98% yield of
disodium iminodiacetate in a 2.3 h reaction time. There-
fore, hydrazine hydrate is an excellent candidate to produce
Cu/ZrO, catalysts. The effect of the Cu’/Cu* pair on the
catalytic reaction was studied by controlling the reduction
degree of CuO/ZrO, precursors. It was found that increas-
ing the Cu® content favored the dehydrogenation of DEA to
form intermediate aldehydes, and Cu* promoted the reac-
tion of an aldehyde intermediate to form iminodiacetate. The
formation mechanism of sodium glycinate is related to the
tautomerism of the intermediate products and the hydrolysis
of a Schiff base.

2 Experimental
2.1 Catalyst Preparation

CuO/ZrO, precursor was synthesized by a co-precipitation
method. Briefly, ZrOCl,-8H,0 and Cu(NO;),-3H,0 were
dissolved in deionized water to obtain Cu/Zr in a molar ratio
of 2:1. Then, 1.0 mol/L NaOH solution was added drop-
wise under continuous stirring to adjust the pH to 12. The
resulting precipitate was aged at room temperature for 4 h.
Next, the precipitate was filtered and washed by deionized
water several times in a Buchner funnel until the pH value
of the supernatant was neutral. The composite precursor was
dehydrated and dried at 90 °C for 12 h. The resulting powder
was calcined in a muffle furnace from room temperature to
550 °C at a ramp rate of 2 °C/min and a dwell time of 4 h to
obtain the CuO/ZrO, precursor.

CuO/ZrO, precursor powder (10 g) was added to 100 ml
of a 2 M NaOH solution in a round-bottom flask, and then
heated to 50 °C under mechanical stirring. Subsequently,
0.75-15 mL hydrazine hydrate was added slowly into
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Fig. 1 Catalyst precursor reduction image

the above mixture, which continued to react at 50 °C for
10-60 min. Finally, the resulting composite was obtained
after being filtered, washed with deionized water and ethanol
several times, and dried in a vacuum oven at 40 °C for 12 h.
Figure 1 is the reduction diagram of catalyst precursor.

2.2 Catalytic Test

The dehydrogenation reaction of DEA was carried out in
a stainless steel autoclave. The initial reagents, including
31.5 g DEA, 6 g Cu/ZrO, catalyst, 25.2 g NaOH (dissolved
in 64.8 g deionized water), were added to the autoclave.
After the autoclave was purged with N,, it was pressurized
to 0.5 MPa, heated to 160 °C at a rate of 4 °C/min at a
speed of 400 rpm, and the volume of gas generated during
the reaction was measured by a rotor flow meter. When the
pressure reached 1.5 MPa, the exhaust valve was opened to
release the gas until the pressure decreased to 1 MPa, and the
temperature and volume of each exhaust was recorded. The
pressure increased by no more than 0.5 MPa within 20 min,
which indicated that the reaction was complete.

3 Results and Discussion

3.1 Characterization and Analysis of Cu/ZrO,
Catalysts

Figure 2 shows the X-ray diffraction (XRD) patterns of
pure ZrO, supports, the CuO/ZrO, precursor, and the Cu/
ZrO, catalysts reduced using different amounts of hydrazine
hydrate. In this figure, X in Cu/ZrO,-X represents the addi-
tion of X ml of 80 wt% hydrazine hydrate aqueous solution.
The preparation method is described in Sect. 2.1, using a
reduction time of 60 min. ZrO, was prepared through the
same procedure for the CuO/ZrO, precursor, but without the
addition of copper salt solution.

As shown in Fig. 2, pure ZrO, exhibits diffraction peaks
which correspond to tetragonal (t—) and monoclinic (m—)
ZrO, crystal phases. However, the CuO/ZrO, precursor
only contains t-ZrO,, indicating that the zirconium salt and
copper salt solutions in the above co-precipitation reaction

A m-ZrO
[} t-ZrO2
O Cu

[ CuO

Intensity(a.u.)
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A ZrO

2
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Fig.2 XRD patterns of reduced Cu/ZrO, catalysts (X in CZ-X rep-
resents the volume of hydrazine hydrate used in the reduction of the
precursors)

participate in transforming ZrO, from a monoclinic to a
tetragonal phase. The CuO/ZrO, precursor exhibits CuO
diffraction peaks without Cu® characteristic peaks. As the
amount of hydrazine hydrate increased, the main CuO dif-
fraction peaks (20=35.5°, 38.7°) in Cu/ZrO, weakened, and
characteristic Cu® peaks appeared at 20=43.3°. When the
amount of hydrazine hydrate increased to 12 mL, the main
CuO diffraction peak (20=35.5°) disappeared, indicating
that a higher amount of hydrazine hydrate led to a higher
reduction degree of Cu/ZrO,. The Cu™ diffraction peaks
were not detected in the XRD spectra, possibly because the
Cu™ content was lower than the XRD detection limit [27].

The catalyst morphology was characterized by scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM). Figure 3a, b shows the SEM images
of the unreduced CuO/ZrO, catalyst precursor, in which
needle-like CuO is inserted into an irregular bulk ZrO, sup-
port. Figure 3c, d are the SEM images of the Cu/ZrO, cata-
lyst after hydrazine hydrate reduction, and Fig. 3e, f are the
corresponding TEM images. Rod-shaped CuO was reduced
to spherical Cu particles using hydrazine hydrate. Cu nano-
particles with a particle size of about 15 nm were uniformly
distributed on the surface of the irregular bulk ZrO, support,
indicating that hydrazine hydrate reduced CuO to Cu to suc-
cessfully prepare the Cu/ZrO, catalyst.

To study the surface composition of the catalysts, Cu/
ZrO, catalyst samples were characterized by Fourier-trans-
form infrared spectroscopy (FTIR). Figure 4 is the FTIR
image of the sample. The band at 3419 cm™' was attributed
to the —OH stretching vibration of adsorbed water molecules,
the band at 1624 cm™' was attributed to the -OH bending
vibration of free water molecules, whereas the small bands
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Fig.3 SEM images of unreduced CuO/ZrO, (a, b), Cu—ZrO, (¢, d); and TEM images of Cu—ZrO, (e, f)
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Fig.4 FTIR spectra of the Cu/ZrO, catalysts

at 1450 and 853 cm™! were due to the various vibrational
modes of carbonate. In addition, the stretching vibration of
the CO32' group in the CZ-1 sample was the most intense,
indicating a large amount of CO, had adsorbed on the Lewis
basic sites of CZ-1 to form a bicarbonate.

The surface composition and oxidation state of the cata-
lyst components were investigated by XPS. The XPS spectra
of Cu 2p and Auger electron spectra of Cu/ZrO, samples
reduced by 0.75 mL (CZ-0.75), 1 mL (CZ-1), and 3 mL

@ Springer

(CZ-3) hydrazine hydrate are shown in Fig. 5a and b, respec-
tively. The preparation method was as described in Sect. 2.1,
and the reduction time was 60 min.

All Cu 2p spectra contain a large satellite peak near
940-944 eV, which suggests there is a large amount of Cu**
on the surface of the catalysts [29-31]. Depending on the effec-
tive symmetry, copper ions may transition to 3d. Therefore,
a complex satellite structure composed of at least two peaks
was clearly visible in the Cu 2p spectrum may be due to the
distortion of the octahedral structure of the copper compound
[28]. Peaks at 932.2 eV were assigned to Cu and Cu*, and
cannot be effectively distinguished from the XPS Cu 2p peak
since they are so close to each other. Additionally, character-
istic Cu?* peaks appear at 934.4 eV. As the amount of hydra-
zine hydrate was increased, the peak intensity of Cu%Cu*
increased, indicating that the reduction degree of the catalysts
also increased, which is consistent with the XRD spectra.

Figure 5b shows the Auger electron spectra of the Cu/
ZrO, catalysts. The three peaks with Auger electron kinetic
energies of 916.3 eV, 917.4 eV, and 918.4 eV correspond
to Cu*, Cu®*, and Cu®, respectively [29]. Table 1 shows the
surface copper components based on Cu LMM deconvolu-
tion and surface atomic ratios of Zr and O versus Cu based
on XPS analysis. It can be concluded that increasing the
amount of hydrazine hydrate lowered the amount of Cu>*
on the catalyst surface, while the proportion of Cu’ and Cu*
increased. Combined with the catalyst activity test, when
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Fig.5 XPS spectra of Cu 2p (a), and Auger electron spectra (b) of reduced Cu/ZrO, samples

Table 1 Surface copper components based on Cu LMM deconvolu-
tion and surface atomic ratios of Zr and O versus Cu based on XPS
analysis

Samples Kinetic energies Peak area ratio® Atomic content®/%

eV)

Cu’ Cut Cu?* Cu’:Cu*:Cu** CuZzrO
CZ-0.75 918.4916.09174 1:5.27:0.68 24.1 15.2 60.7
CZ-1 918.4916.0917.4 1:0.89:0.27 28.611.8 59.6
CZ-3 918.5915.8917.3 1:1.44:0.15 26.412.361.3
t-20 918.4916.0917.4 1:2.17:0.49 28.512.1594
t-30 918.4916.0917.4 1:0.97:0.15 24.113.962.0
t-40 918.4916.0917.4 1:7.49:1.43 23.314.861.9

3Peak area ratios between Cu**, Cu™, and Cu® were calculated by the
deconvolution of Cu LMM XAES

b Atomic ratios of Cl to Cu were obtained by XPS analysis

2+

t-20

Q
R
[0}

Cu

N

Counts per second (a.u.)

932 936 940 944
BE(eV)

1 ml of hydrazine hydrate was used, the catalyst showed the
best activity when the ratio of Cu’/Cu* was 1:0.89.

Figure 6 shows the preparation of Cu/ZrO, catalysts with
1 mL hydrazine hydrate with reduction times of 20 min
(t-20), 30 min (t-30), and 40 min (t-40). As the reduc-
tion time increased, the peaks representing Cu® and Cu*
increased first and then weakened. According to the Auger
electron spectra, the proportion of Cu® increased first and
then decreased, while the proportion of Cu?* decreased first
and then increased. It is presumed that Cu™ and Cu® were
produced by the reduction of Cu®* with hydrazine hydrate,
and the reduction degree was the highest at a reduction time
of 30 min. As the reaction continued, the amount of hydra-
zine hydrate in the solution decreased, and Cu* and Cu® was
oxidized to form Cu** at a moderate temperature of approxi-
mately 50 °C. According to the catalyst activity test, when

b

Cu”  Cu Auger

i b

Counts per second (a.u.)

Fig.6 XPS spectra of Cu 2p (a), and Auger electron spectra (b) of reduced Cu/ZrO, samples
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the hydrazine hydrate reduction time was 30 min, the cata-
lyst activity was best when the ratio of Cu0/Cu™ was 1:0.97.

In order to analyze the Lewis basic sites of the catalyst
surface, the characterization of CO,-TPD was performed on
samples reduced with different amounts of hydrazine hydrate
(Fig. 7). All three catalyst samples exhibited a CO, desorp-
tion peak at 99 °C, which corresponded to the weakly basic
sites [32]. In addition to the weakly basic sites, the desorp-
tion peak at 260 °C can be assigned to medium-strength
Lewis basic sites (MSLB) [33, 34]. In the CZ-1 sample, the
MSLB dominated the sample, which indicates that the use
of different amounts of hydrazine hydrate can change the
amount of Lewis basic sites on the catalyst. Combined with
the catalyst performance test, it can be seen an increase in
the MSLB improved the efficiency of the dehydrogenation
of diethanolamine.

3.2 Catalytic Activity

Figure 8 shows that the higher the yield of IDA, the shorter
the required reaction time. As the reduction degree of the
catalysts increased, the IDA yield first increased and then
decreased, reaching a maximum yield of 92.7% when using
1 mL of reductant.

The relationship between the IDA yield and reaction time
and the reduction time of the catalysts is shown in Fig. 9.
The preparation method is as described in Sect. 2.1, and 1
mL of hydrazine hydrate was used.

The IDA yield first increased and then decreased with
the catalyst reduction time, and the maximum yield of IDA
(98.1%) was obtained at t-30. The XPS analysis of the cat-
alysts showed that the ratio of Cu*/Cu® had an important
effect on the reaction yield. Figure 6¢ shows that when dif-
ferent reduction times are used, the ratio of Cu™/Cu’ is also

| —Cz0.75

Intensity(a.u.)

100 200 300 400 500 600
Temperature (°C)

Fig.7 CO,-TPD profiles for the samples
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Fig.8 The relationship between the reducing agent used to prepare
the catalysts and the IDA yield and the reaction time (X in CZ-X rep-
resents the volume of hydrazine hydrate used in catalyst reduction)

different, as is the catalytic effect. Combined with Fig. 9, it
can be seen that the sample reduced by hydrazine hydrate for
30 min had the highest Cu*/Cu’, the shortest reaction time,
and the highest IDA yield.

The ester preparation process by the dehydrogenation of
fatty alcohol occurred in two steps: alcohol dehydrogena-
tion to produce an aldehyde, and ester production from the
reaction between an aldehyde and an alcohol [16, 17]. It
can be seen from Figs. 5 and 6 that as the amount of hydra-
zine hydrate increased, the Cu’ and Cu* content gradually
increased.

Figure 10 shows the relationship between the amount
of hydrazine hydrate used to prepare the catalysts and the
reaction temperature at the first exhaust. The lowest tem-
perature of the first exhaust was recorded at CZ-1, and then
the initial exhaust temperature rose, and then decreased as
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Catalyst

Fig.9 The relationship between the reduction time of the prepared
catalyst and the reaction time and yield of IDA (X in t-X represents
the reduction time of the prepared catalysts)
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more hydrazine hydrate was added. When more than 3 mL of
hydrazine hydrate was added, the initial temperature of the
exhaust gas rapidly decreased, but the overall reaction time
was longer. When 1 mL of hydrazine hydrate was used, the
initial exhaust temperature was the lowest, and the reaction
rate was the fastest, as shown in Fig. 6. The Cu and Cu*
content in the catalysts was not the highest compared with
other catalysts, indicating that the Cu%Cu™ pair reached the
optimum ratio when 1 mL hydrazine hydrate was used.

The results of the above reactions show that Cu® catalyzes
the first step in the DEA dehydrogenation reaction to form
an intermediate aldehyde, and Cu* has excellent catalytic
activity for the reaction of the intermediate aldehyde. As the
Cu® content increased, the temperature of the first exhaust
gas decreased, the speed of the early exhaust accelerated,
but the rate of the subsequent reaction quickly decreased. It
should be noted that Cu® does not catalyze the entire reaction
to prepare disodium iminodiacetate from DEA as described
in the literature [5]. Increasing the Cu® content accelerated
the initial reaction rate and decreased the temperature of
the primary exhaust. However, as the reaction proceeded,
the reaction rate decreased since the intermediate aldehyde
could not be transformed via Cu® catalysis. When 1 mL of
hydrazine hydrate was used, the Cu’/Cu* pair in the catalysts
reached the optimum ratio, and Cu* catalyzed the intermedi-
ate aldehyde generated in the first step to produce disodium
iminodiacetate. There was no accumulation of intermediate
aldehyde, and the first step of the reaction was rapid, which
decreased the overall reaction time.

During the initial stage of diethanolamine dehydrogena-
tion using CZ-1 catalyst, the temperature inside the kettle
rose rapidly and reached a peak at 230 °C and then rapidly
dropped to 120 °C. In contrast, the temperature was con-
stant at 165 °C when using CZ-6 and CZ-12. The alcohol

160 4

o,
150 4
145 ~
140~
L]

1354
130 4

Temperature (°C)

1254
120 +

115

Cz-15 Cz3 CZ-6 CZ-12

Catalyst

Cz-0.75 Cz-1

Fig. 10 Relationship between the amount of reducing agent used to
prepare the catalysts and temperature at the first exhaust (X in CZ-X
represents the volume of hydrazine hydrate used in catalyst reduction)

dehydrogenation reaction is endothermic, while the reaction
between the ester and NaOH is exothermic. When the rate
of the entire reaction is very fast, the heat provided by the
autoclave is not sufficient to drive the alcohol dehydrogena-
tion reaction, and the temperature rapidly decreases. The
ester formation rate simultaneously increased, and NaOH
reacted with it immediately to release a significant amount
of heat which increased the temperature from its set value of
160 °C to almost 190 °C. These processes may be the cause
of the sudden temperature increase.

3.3 Formation Mechanism of Disodium
Iminodiacetate and Sodium Glycine

3.3.1 Formation Mechanism of Disodium Iminodiacetate

In the dehydrogenation of homogeneous alcohols, organic
bases or other basic compounds are often used as additives
to accelerate the deprotonation of the hydroxyl group to
achieve high yields of the target product. Similarly, in het-
erogeneous catalytic reactions, basic compounds improve
the catalytic activity of alcohol transfer dehydrogenation.
In the Cu-ZrO, catalyst, the ZrO, carrier has a Lewis basic
site, and the Cu—ZrO, catalyst reduced by 1 ml of hydrazine
hydrate had the most Lewis basic sites and exhibited better
diethanolamine dehydrogenation performance. Therefore,
the transfer efficiency of diethanolamine in Cu—ZrO, catalyst
is related to its surface Lewis basic sites.

The mechanism for the preparation of disodium imino-
diacetate from DEA has rarely been reported. Similar to the
reaction of monoethanolamine during the preparation of
glycine [35], it is generally believed that DEA is dehydro-
genated to produce aldehyde intermediates using Cu-based
catalysts. Then, two aldehyde molecules form sodium imi-
nodiacetate in an alkaline medium [8]. However, the active
center of Cu/ZrO, catalysts and the ester formation process
from aldehydes are unclear.

The Cu/ZrO, catalyzed dehydrogenation of DEA occurs
in two steps, similar to the mechanism of fatty alcohol
dehydrogenation over Cu-based catalysts. The hydroxyl
functional groups on the DEA are first removed via nucleo-
philic attack of the Lewis basic sites at the ZrO, interface
to form an alkoxide intermediate, and an alkaline solution
can accelerate the rate of deprotonation [36]. Subsequently,
the adjacent Cu® catalyzes the formation of the intermediate
aldehyde by a-H cleavage [20, 37, 38].

The reaction process to prepare an ester from aldehydes
has two possible reaction routes: (VI) the Cannizzaro reac-
tion between two aldehydes, and (VII) the nucleophilic addi-
tion of aldehydes and alcohols:

R — CH,CHO — R — CH,COOCH,CH, — R V1)

@ Springer
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R — CH,CHO + R — CH,CH,0H — R — CH,COOCH,CH, — R
(VID

In the first route, the Cannizzaro reaction cannot produce
the corresponding ester [39]. When the aldehyde in the reac-
tants contains an o-H, it is extracted by the base, and aldol
condensation occurs [16], which prevents the synthesis of
disodium iminodiacetate by DEA dehydrogenation from fol-
lowing this route. In the second route, the a-H on the alde-
hyde of the intermediate is removed by the alkali, causing
the electrophilic a-C to react with an alkoxide to form an
ester [40]. In an alkaline environment, the ester decomposes
to form disodium iminodiacetate and DEA. Compared with
Cu’, Cu* has better catalytic activity for the nucleophilic

/(‘HZCHO
HN ( 111 ) /CHQCHZO
(II)
R HN
Cu® Cu* \
R
/CH:C”ZO_ CH,COOCH,CH,
/ AN
HN HN NH
AN \ /
R R R
(Iv)
ZrO, +NaOH
) CH,CH,0H
/
HN,
\R CH,COONa
HN
AN
R
( N- (2-hydroxy ethyl) glycine
sodium/ Sodium iminodiacetate)
R CH,COONa /CH,CH,OH

Fig. 11 Formation mechanism of disodium iminodiacetate

11

S H
&5 ,R—N—CH=CH,

Imine-Enamine Tautomerism

R— N=CHCH; ———————» R—NH;+ CH;CHO

addition of alcohols and aldehydes [15]. The formation
mechanism of disodium iminodiacetate is shown in Fig. 11.

3.3.2 Formation Mechanism of Sodium Glycine

Sodium glycine is the main by-product in the preparation of
disodium iminodiacetate by DEA dehydrogenation, and its
formation mechanism has not been reported. Gas chroma-
tography analysis revealed that the gas produced during the
reaction contained acetaldehyde. Combined with high per-
formance liquid chromatography to analyze crude products,
the formation mechanism of sodium glycine is divided into
the acetaldehyde route and glycolaldehyde route.

3.3.2.1 Acetaldehyde Route Acetaldehyde was identified
by gas chromatography during the reaction, and the mecha-
nism of the main by-product sodium glycine was speculated.
The Cu/ZrO, used to catalyze the dehydrogenation of DEA
and the ZrO, support contain weakly acidic and basic sites,
respectively [21, 41]. Cu/ZrO, catalyzes the dehydrogena-
tion of alcohol (I) to form olefins, followed by the forma-
tion of a Schiff base via enamine-imide tautomerism (II).
As the reaction proceeds, the basicity of the reaction system
gradually weakens. At high temperatures, the Schiff base
produces acetaldehyde and sodium glycinate by hydrolysis
(IIT). The formation mechanism is shown in Fig. 12.

3.3.2.2 Glycolaldehyde Route The dehydrogenation (IV) of
DEA using Cu/ZrO, catalysts produces intermediate alde-
hydes and forms a Schiff base by keto-enol tautomerism
(V) and an enamine-imine tautomer (VI). The Schiff base
produces the main glycine and glycolaldehyde byproducts
through a hydrolysis reaction (VII). Due to the catalytic
activity of Cu/ZrO, towards hydroxyl and aldehyde groups,

111
+ 1,0

Glycine  Acetaldehyde
Acetaldehyde

. . route
Hydrolysis reaction A

v \
O@’;L N . Keto-Enol Tautomerism
’ q‘% /2 R—N—CH,CHO ==——== R-NH-CH=CHOH
%
7'}6,/ Ethanol aldehyde
%, Imine-Enamine Tautomerismff V/] VII
%, OH Glycolaldehyde
4 +H,0 1 . route
R=—N=CHCH,OH » CH,CHO

Fig. 12 The formation mechanism of sodium glycine
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glycolaldehyde is oxidized to form the glycolic acid and
oxalic acid intermediate byproducts [6, 42]. The formation
mechanism is shown in Fig. 12.

4 Conclusion

In this paper, Cu/ZrO, catalysts were rapidly prepared by
hydrazine hydrate reduction at a moderate temperature from
CuO/ZrO, precursors. The catalysts could also be used in
the oxidative dehydrogenation of diethanolamine to pre-
pare disodium iminodiacetic acid. Adding more hydrazine
hydrate in the preparation increased the Cu® content in Cu/
ZrO,, but the yield of sodium iminodiacetate synthesized
via diethanolamine dehydrogenation increased with the Cu’
content in the catalysts. When the Cu®/Cu™ ratio is approxi-
mately 1:0.9, the highest catalyst activity was observed. The
abovementioned results indicate that Cu’ was the catalytic
active center when diethanolamine dehydrogenation was
used to obtain disodium iminodiacetic acid, which con-
flicts with previous literature. XPS and XRD were used to
analyze the structure and reaction results of the Cu/ZrO,
catalysts, and showed that Cu® played a key role in the first
step of the dehydrogenation of diethanolamine to form inter-
mediate aldehydes. Meanwhile, Cu™ was also essential for
transforming intermediate aldehydes into disodium iminodi-
acetic acid. The formation mechanism of glycine, the main
by-product of diethanolamine dehydrogenation, was also
proposed for the first time. By analyzing the presence of
acetaldehyde in the gases produced by the reaction, it was
surmised that intermediate aldehydes or alkenes underwent
keto-enol tautomerism and imine-enamine tautomerism, to
generate a Schiff base, followed by hydrolysis to produce the
main by-products sodium glycinate, sodium glycolate, and
sodium silicate. This mechanism is proposed to improve the
yield of the main product, iminodiacetic acid, and guide the
optimization of the process conditions.
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