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ABSTRACT

The feasibility of treating glyphosate by-product phosphorus-containing waste salt by hybrid ultra-
filtration—nanofiltration is investigated. The ultrafiltration removal and permeability were tested
to select a suitable upstream membrane module. On this basis, the effects of subsequent condi-
tions on the nanofiltration fraction of the combined process, such as permeate concentration, pH,
and pressure applied to the nanofiltration, on membrane removal of total phosphorus and chloride
ions. The optimal conditions were used to remove total phosphorus and retain sodium chloride.
Scanning electron microscopy analysis was also performed on the nanofiltration, and the fouling was
within the membrane surface pores. Results show that the upstream use of ultrafiltration can bet-
ter remove impurities and relieve the pressure of nanofiltration. In the nanofiltration part, the max-
imum total phosphorus removal rate of 96.28% and the minimum chloride removal rate of 46.38%
can be achieved when the permeate concentration is 330 g/L, pH = 10.0 and pressure is 2.6 MPa,
and the membrane flux can reach 210 L/m*h when the above results are maintained. Molecular

weight cut-off of 5,000 and 150 Da for the two membranes, respectively.
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1. Introduction

Glyphosate has only been on the market since the mid-
1970s. It is considered by many analysts and most govern-
ments to be a relatively safe herbicide compared to other
more toxic chemical herbicides. Still, there is growing pub-
lic concern about the consequences of its increased use in
agriculture [1]. As a widely used herbicide in the world,
its main production methods are the iminodiacetic acid
method (IDA) [2] and the alkyl ester method (alkyl phosphite
method, glycine method) [3].

In production using the glycine method, for every 1 t of
glyphosate produced, 5-6 t of crystalline mother liquor will
be produced, which contains about 1% glyphosate, 1%—4%
formaldehyde, and a large number of by-products [4]. A
large amount of triethylamine in the by-product is usually
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recovered by adding NaOH. Still, it also increases the NaCl
content in the crystallization of mother liquor, which raises
the difficulty of the mother liquor recovery [5,6]. Why gly-
phosate by-product waste salt obtained by evaporation and
crystallization cannot be directly used is that it contains a
large amount of TP (Total of phosphorus that exists in the
wastewater in both inorganic and organic forms) and TOC
(Total amount of dissolved and suspended organic matter
containing carbon in wastewater), of which the TP content
can be more than 2,000 mg/kg. Recently, the methods used to
remove phosphorus are usually electrochemical techniques,
chemical precipitation, biological treatment, and membrane
separation [7-10]. Membrane separation is widely used for
phosphorus removal mainly due to its simple operation, sta-
ble operation, higher selectivity of phosphorus, less waste
generated, and efficient removal of phosphorus by simply
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setting up the operation method and initial conditions of
the separated solution [11,12].

In membrane separation processes, ultrafiltration that
retains larger molecular weights is exhibited to keep phos-
phate, and small molecules pass through ultrafiltration as
permeate when mixed solutions of large and small mol-
ecules pass through ultrafiltration [13]. Moreover, nano-
filtration showed high retention of phosphate and great
potential in phosphorus recovery [14,15]. Nanofiltration as
a separation membrane can withstand a wide pH range,
retain molecular weights between 100-1,000 Da, have pore
sizes between 0.5-2 nm, have significant selective perme-
ability for small and large molecules, and have a retention
capacity between ultrafiltration and reverse osmosis [16-18].
It is mainly used to separate inorganic salts [19], antibiotics
[20], heavy metals [21], dyes [22], pigments [23], and other
multivalent ions or small organic molecules. The selective
permeability of nanofiltration membranes is also demon-
strated by their negatively charged surface, which allows
more effective removal of higher valence ions, especially in
removing divalent ions [24-26]. Bargeman et al. [27] have
done extensive experiments and even found that nanofil-
tration has a negative retention effect on monovalent salts,
especially chlorides, which is highly beneficial to our study
and retention of the desired NaCl. In recent years, many
phosphorus recovery studies have tested ultrafiltration and
nanofiltration, respectively. Ultrafiltration’s total phospho-
rus recovery capacity is less than 50%, while nanofiltration
is higher than 90% [28-30]. Since ultrafiltration has a higher
molecular weight cut-off (MWCO) [31] than nanofiltration,
nanofiltration is more prone to fouling in the process of
phosphorus recovery, which significantly affects the long-
term use of nanofiltration and increases the cost of using
nanofiltration separation [17,32].

Therefore, using only one ultrafiltration or nanofiltra-
tion cannot achieve our goal of recovering phosphorus and
retaining NaCl; the phosphorus was recovered using the

salt to obtain higher TP removal and lower NaCl removal.
To maximize the TP removal, tests were carried out with a
focus on NF, focusing on concentration, pH, pressure, and
NF pore size in terms of reduction. The fouling of the NF
surface after long-term use was also investigated. The aim is
to provide new insights into the field of waste salts with the
high phosphorus content.

2. Experimental part
2.1. Industrial high salinity waste salt

The industrial waste salt is used by the ultrafiltration—
nanofiltration system, which is glyphosate by-product
waste salt derived from Hubei Xingfa Chemical Group Co.,
Ltd., China, calcined at a high temperature of 550°C [36].
The major components of the waste salt are shown in Table 1:

2.2. Membranes and experimental equipment setup

Hydrochloric acid and sodium hydroxide were ana-
lytically pure reagents used to adjust the pH. The rolled
hollow fiber membrane and the secondary membrane sep-
aration tester were provided for experiments (DMJ60-2,
Bona, Shandong, China). Nanofiltration membrane module,
separation equipment, and testing equipment used for sep-
aration, permeability, and selectivity were washed with dis-
tilled water and dried separately. The main characteristics of
the membrane module used in the experiment as in Table 2.

Used for laboratory-scale ultrafiltration—nanofiltration
separation equipment, secondary membrane separation
testing machine flow chart as shown in Fig. 1. Mainly raw
material pot, circulating water pump, membrane module,

Table 1
Significant parts of the waste salt

dual membrane process (DMP) [33]. Upstream ultrafiltra- Characteristics Waste salt
tion is set up to mitigate pollution, and downstream nano-
filtration is mainly responsible for recovering phosphorus. pH 10.05
Current methods focus on ultrafiltration-nanofiltration TP, mg/kg 2,923
(UF-NF) hybrid separation to remove phosphorus in brack- NaCl, % 98
ish water to 0.5 g/L [33,34]. This hybrid process achieved a Ca*, mg/kg 34
removal rate of less than 40% for chlorine, which indicates Mg?, mg/kg 26
the feasibility of mixing the two separation membranes [35]. 2
. ; Ba*, mg/kg 0.04
This study evaluated the performance of a hybrid Fe*, ma/k 3
UE-NF process in removing TP from a high salt waste s
Table 2
Specifications of the membrane module
Membrane Theoretical MWCO pH Temperature tolerance (°C) Max. operating pressure (MPa) Area (m?)
NF-100Da 100 Da 2-12 5-55 3.8 0.042
NEF-150Da 150 Da 2-12 5-55 3.8 0.042
NF-300Da 300 Da 2-12 5-55 3.8 0.042
NF-600Da 600 Da 2-12 5-55 3.8 0.042
UF-1000Da 1,000 Da 2-12 5-55 0.5 0.049
UF-5000Da 5,000 Da 2-12 5-55 0.5 0.049

MWCO: The minimum molecular weight cut-off at which the separating membrane can retain 90% of the solute is the MWCO [31].
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Fig. 1. Ultrafiltration—nanofiltration membrane separation equipment.

pressure gauge, flow meter, regulator, discharge valve, and
other components. The raw material pot was transported to
the first level of ultrafiltration through the circulating water
pump. Under the pressure drive, the suspended impuri-
ties and insoluble materials are retained by ultrafiltration,
and the clarified filtrate enters the nanofiltration separa-
tion part. After entering the secondary membrane separa-
tion system was driven by high pressure, and the clarified
filtrate with high NaCl and low TP content was obtained.
The remaining filtrate is sent for further processing.

The total phosphorus content in the solution was deter-
mined using a total phosphorus rapid tester (SH-50TN,
Sheng’aohua, Jiangsu, China), pH-meter (PHS3-C) supplied
by Shanghai Yidian Scientific Instruments Co., China.

2.3. Data processing

In the separation process, the following equations are
used to represent the removal of total phosphorus as well
as chloride ions [37]:

C
R:[l—"]xloo% 1)
Cf

where Cp and Cf are the permeate and feed concentrations,
respectively.

The flux (] ) is the volume of the permeate (V,) collected
per unit membrane area (A) per unit time (¢):

Vv

Jo=as @

The concentration of C, removed by the membrane is
expressed by the following mass balance equation:

CVe =GV, ~C,V, ®)

where C, and V| is concentration and volume in the feed,
Ve=ViV,
The total phosphorus removal (%) is represented as:

C
R, =—2 %100% 4)
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The CI- removal (%) is represented as:
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The total phosphorus permeate (%) is represented as:

C
P, =—2T %100% (6)

TP
0,TP

The CI- permeate (%) is represented as:

C,
P =25 %100% )

cr
0,CI”

3. Results and discussion

To prevent each group of tests from interfering, inter-
val washing was utilized to clean the secondary mem-
brane separation equipment and an additional buffer tank
between UF and NF to recover primary permeate.

3.1. Selection of UF membrane

Experiments were performed in the first part of a hybrid
ultrafiltration—nanofiltration system, using ultrafiltration
to evaluate their selectivity for phosphorus and chlorine
and select the appropriate membrane upstream. For the
above problems, two membranes were used to conduct
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the experiments. Given a pressure of 0.4 MPa, the effective
area of ultrafiltration was 0.049 m? while the pure water
fluxes of UF-5000Da and UF-1000Da were (768 L/m*h)
and (558 L/m*h). As shown in Fig. 2, both UF-5000Da and
UF-1000Da can remove insoluble and suspended impurities
to relieve the subsequent NF membrane pressure, UF-1000
removed sodium chloride higher and provided lower
sodium chloride for subsequent separations, and increased
the possibility of membrane surface fouling. The UF-5000Da
was selected as the upstream in all following cases, which
is beneficial to obtain more sodium chloride.

3.2. Selection of NF membrane
3.2.1. Effect of waste salt concentration

The pH of the feed solution was controlled to be 10, the
operating pressure of ultrafiltration was 0.4 MPa, and the
nanofiltration with MWCO of 100, 150, 300, and 600 were
selected for experiments, and the working pressure was
2.4 MPa. Combined ultrafiltration—nanofiltration separation
was conducted for different concentrations of glyphosate
by-product salt solution. The total phosphorus and NaCl
removal rate were measured, as shown in Fig. 3.

Variations in concentration lead to the production of
permeates with different removal rates. The slow increase
in concentration reflects the increased removal of TP and
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Fig. 2. Removal of a UF membrane.
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chloride ions. Owing to the phenomenon of concentration
polarization, the concentration of the solution on both sides
of the NF is changed, resulting in the actual concentration
difference on the two edges of the membrane being lower
than the concentration difference between the feed solution
and the permeate. Moreover, as the concentration increases,
more charged ions cannot pass through the nanofiltration
membrane, producing the Gibbs-Donnan effect [38,39].
This results in the actual osmotic pressure difference being
lower than the theoretical osmotic pressure difference, and
the TP and NaCl content on the surface of the nanofiltration
membrane increases significantly. The liquid concentration
becomes an essential research factor. However, although
the concentration trend increased, the nanofiltration mem-
branes with different MWCO showed different conditions.
As shown in Fig. 3, 100 and 150 Da with low MWCO showed
high removal of TP, reaching 96.28% and 96.79% at a concen-
tration of 330 g/L, reaching 96.73% and 96.62% at a concen-
tration of 350 g/L, respectively. The low molecular weight
cut-off in the chloride removal diagram also showed a high
chloride removal rate. Still, it reached a relatively low chlo-
ride removal rate of 46.38% and 47.71% at 300 g/L, 46.92%,
and 47.96% at 350g /L, respectively. The larger pore size
nanofiltration used in the test had no significant benefit in
the two measured removal rates; larger MWCO due to 300
and 600 Da resulted in lower removal rates for TP and chlo-
rides. But an only relative of TP and chloride ions due to
their conditions, and no significant advantage compared to
150 and 100 Da, considering that the three-stage membrane
system may be placed in the middle to reduce the removal
pressure of the next membrane stage. The high concentra-
tion of the initial stream can also cause scaling on the sur-
face of the nanofiltration, which is detrimental to its long-
term use. NF is much more effective in removing sizeable
molecular weight TP than chloride ions in Fig. 3. In con-
clusion, a concentration of 330g/L was selected as the opti-
mized concentration for secondary membrane separation
with lower chloride removal and TP removal.

3.2.2. Effect of waste salt initial pH

From the above experimental results, the retention of
acidity and alkalinity in the nanofiltration process was

100 | ol
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Fig. 3. Effect of waste salt concentration.
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analyzed; therefore, an initial concentration of 330 g/L was
selected for subsequent experiments. The pressure and the
way of washing between each experiment were consistent
with what was done before. Selecting the suitable pH is
the critical condition for the successful separation of this
secondary membrane process, and it was found that dif-
ferent pH levels have a significant influence on it through
experiments.

By observing Fig. 4, pH considerably affects the removal
rate, with a lower TP removal rate under acidic conditions.
In contrast, the effect under alkaline conditions signifi-
cantly improved compared to it. Optimal concentration
removal rates for the above steps were tested with acid,
neutral and alkaline, respectively. The specific alkaline
value was tested after the initial analysis of the high alka-
line removal rate. Cross-sectional observation of Fig. 4, all
MWCO of nanofiltration in alkaline conditions total phos-
phorus removal rate is higher than acidic 10%—20%, which
is analyzed because the desalination of monovalent anion
salt solution by nanofiltration is lower than that of high-va-
lent anion salt solution, and the ionization degree of H,PO,,
H,PO,” and HPO,* increases with the increase of pH, that
is, the phosphate in solution mainly existed in the form of
phosphate divalent ions, which is beneficial to its removal
by nanofiltration. Lower pH increases the concentration of
hydrogen ions collected on the membrane surface, form-
ing an electrical double layer, which is also responsible for
easier phosphate permeation through nanofiltration [40,41].
The molecular weight retained by the NF membrane itself
remains an essential factor in the longitudinal analysis of
Fig. 4. At alkaline pH = 10, the 100 Da NF achieved a max-
imum removal rate of 98.86% for total phosphorus, which
was the maximum among all experiments, but also increased
the loss of chloride ions by an average of 10% more than the
150 Da NF. In comparison, the 150 Da NF selected achieved
a removal rate of 98.52% for total phosphorus and a rela-
tively low removal rate of 47.3% for chloride ions under
these conditions.

3.2.3. Effect of nanofiltration pressure

To evaluate the feasibility of nanofiltration pressure
in removing total phosphorus and chloride ions, C, and V,
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were measured at different pressures for the four pore-size
nanofiltration membranes used.

As the pressure decreases, the osmotic pressure of the
waste salt solution decreases, and the NF membrane mass
transfer capacity decreases, resulting in a reduction in the
concentration polarization and a thinning of the boundary
layer on the membrane surface where the solution collects
[42].

As shown in Fig. 5, the experimental results that are
match to the mathematical model (6) made by Ming Xie et
al. [43], the 100 Da nanofiltration membrane removed 96%
of the total phosphorus. It removed 56% of the chloride ions
when the ratio of the permeate volume to the feed liquid
volume reached 1. Pressure-driven nanofiltration process
can be simulated in a simplified way based on the removal
equation with the mass balance equation. The solute loss in
the feed solution is equal to the solute loss in the permeate
in a constant volume system:

V,dC =-CdV, (8)

-V,InC, =V, +C, ©)

At Vp =0and C = C, assuming that the removal is constant,
the following equation can be obtained:

-V,InC, = VP +V,InC,

C \%4
2 —exp| ——L
CO VO

The results calculated from Eq. (9) are shown in Fig. 5.
Fitting the data as well as taking logarithms of the horizon-
tal and vertical coordinates, it was found that the data fit
results in a horizontal line. And the result obtained from
Eq. (9) should be a positive proportional function after
the mentioned treatment, which further indicates that the
pressure has almost no effect on the removal of TP and
Cl. As seen in Fig. 5b, the membrane with an MWCO of
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Fig. 4. Effect of waste salt initial pH.
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Fig. 6. Permeability of pure water and waste salt solution.

150 Da at 2.6 MPa showed a slightly lower TP permeate
than the predicted removal, using 2.6 MPa as the nanofil-
tration pressure, based on the previously selected concen-
tration and pH.

The effect of pressure on the membrane is also reflected
in the change of membrane flux. When the pressure applied
to the membrane surface increases, the membrane flux of
pure water and the waste salt solution becomes higher, and
the experimental results are shown in Fig. 6.

3.2.4. Membrane fouling

Nanofiltration fouling varies with pressure, salt concen-
tration, temperature, and other conditions. Fouling quickly

but behaves in a complex way [44]. The fouling process
also includes membrane material, porosity, operating con-
ditions, permeate quality, membrane surface roughness,
membrane surface physical and chemical properties, etc.
[45]. The following displays the morphological observa-
tion of the contaminated 100 Da nanofiltration membrane
surface using field emission scanning electron microscopy
(SEM). The thickness of the plating layer was controlled to
be 2-8 nm to reflect the actual surface morphology of the
used nanofiltration membrane. Due to the limited SEM
observation magnification, the coating pores on the surface
of the observed membrane were blocked by numerous small
spherical substances. Following the combined analysis with
energy-dispersive X-ray spectrometer (EDS), the results
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Fig. 7. SEM and EDS of polluted 150 Da membrane.

showed that C and O accounted for 97.09% of the elements
in the EDS, followed by S, P, Cl, and Na. This indicates that
a large amount of organic matter has occupied the contam-
inated membrane surface, and tiny P accumulated on the
membrane surface. Relative positions of each element were
analyzed qualitatively using EDS on the dry polluted mem-
brane surface, where Na and Cl have overlapping positions
in EDS. Therefore, for nanofiltration membranes that have
been contaminated for a long time, acid washing should be
used to remove surface organic matter and extend the use
cycle of nanofiltration membranes for economic and energy
savings.

4. Conclusion

A comprehensive study of the combined UF-NF sep-
aration system found that this composite process has a
more significant potential for efficient phosphorus removal
and sodium chloride retention and can make a break-
through in the treatment of highly concentrated waste

salt. It shows that the combined ultrafiltration-nanofiltra-
tion separation is feasible for phosphorus removal from
glyphosate by-product waste salt solution.

¢ Compared with single-stage nanofiltration separation
to remove total phosphorus in the waste salt solution,
the combined UF-NF secondary membrane separation
process has a better removal ability for total phospho-
rus. It is mainly reflected in alleviating the deposition of
large molecular weight impurities on the surface of the
nanofiltration and the fact that some of the total phos-
phorus has been retained by the UF membrane, which
significantly extends the service life of the nanofiltration.
¢ The total phosphorus removal rate of the waste salt solu-
tion obtained by the secondary membrane separation
was 96%. The sodium chloride removal rate was 46% at
an initial pH of 10 and a concentration of 330 g/L, with
a molecular weight cutoff of 5,000 Da retained by the
ultrafiltration membrane and a lay pressure of 0.4 MPa.
The nanofiltration kept a molecular weight cut-off of
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150 Da and an applied pressure of 2.6 MPa. At 2.6 MPa,
the NF membrane flux is 210 L/m?*h.

Most of the larger molecules are removed and blocked
in the stomata to affect the efficiency of the membrane
seriously. For membrane cleaning, it is essential to focus
not only on the cleaning of the membrane itself but also
on the cleaning of the stomata on the membrane sur-
face coating. The above research results show the prac-
ticality of the UF-NF secondary separation process in
actual production and provide a reference for treating
related industrial wastewater.
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