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ABSTRACT

Glyphosate is an organophosphorus herbicide, and has been widely used in agriculture. The
glyphosate by-product salt is an intermediate product of glyphosate. The total phosphorus and
total organic carbon contents of the by-product are high. Thus, achieved resource utilization is
difficult. Attapulgite is often used as an adsorbent because of its large specific surface area and
low price. In this study, a new strategy of phosphorus removal for glyphosate by-product salt
utilization was developed by using attapulgite modified phosphorus removal agent. Three types
of attapulgite, grey white-palygorskite clay (ATP1), opal-palygorskite clay (ATP2) and dolo-
mitic—palygorskite clay (ATP3) were used for phosphorus removal by adsorption. The effects of
attapulgite types, calcination temperature, chemical modification on the phosphorus removal from
glyphosate by-product salt solution were studied. The modified attapulgite was characterized by
scanning electron microscopy, energy-dispersive X-ray spectroscopy, X-ray diffraction and Fourier-
transform infrared spectroscopy. The ATP3 was calcined at 700°C, and the total phosphorus removal
rate can reach 96.96%. The phosphorus removal rate of Al and Fe loaded the third of attapulg-
ite composite (Al/Fe-TATPIII) can reach 99.97%. The adsorption isotherm is consistent with the
Langmuir model. The theoretical adsorption capacity reaches 14.59 mg g™, which conforms to the

pseudo-second-order adsorption kinetic model.
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1. Introduction

Phosphorus is an essential nutrient for biological growth.
A large amount of phosphorus-containing wastewater is
generated during industrial and agricultural production,
such as agricultural runoff, chemical production wastewater,
and food processing wastewater. However, only about one

* Corresponding author.

tenth of the phosphorus discharged into the environment is
consumed. Excess phosphorus can lead to eutrophication of
water bodies, reduced dissolved oxygen concentration, and
severe environmental pollution, which in turn leads to the
death of aquatic animals [1]. There is also a large amount
of phosphorus containing wastewater in the production pro-
cess of glyphosate.
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Glyphosate is an organophosphorus herbicide composed
of phosphoric acid and amino substances, and has been
widely used in genetically modified crops [2]. It has charac-
teristics of broad-spectrum and high-efficiency [3], and has
the structural formula as shown in Fig.1.

Raw materials used to synthesize glyphosate are differ-
ent. Thus, glyphosate synthesis methods are mainly classi-
fied into glycine method [4] and iminodiacetic acid (IDA)
method [5]. In the process of synthesizing glyphosate by
glycine method, a large amount of glyphosate mother liquor
is produced. Commonly, NaOH is added into the mother
liquor to recover triethylamine. However, this operation will
cause the content of NaCl in the mother liquor of glyphosate
to increase sharply, which makes the mother liquor difficult
to deal with [6]. In addition, the glyphosate by-product salt
can be obtained by evaporation and concentration of glypho-
sate mother liquor. However, it is difficult to use a resource
due to the high total phosphorus (TP) and total organic car-
bon of glyphosate by-product salt, of which TP can reach
1,500-3,000 mg/kg. Therefore, the dephosphorization of gly-
phosate by-product salt is a key issue for its application in
chlor-alkali industry. Nowadays, there are various methods
for phosphorus removal, mainly classified into photocata-
lytic degradation [7], membrane separation [8], electrolysis
[9], adsorption [10] and biological methods [11]. The adsorp-
tion method is widely used for phosphorus removal due
to its simple operation, low requirements for equipment,
low energy consumption, and high efficiency.

Activated carbon [12], biomass [13], metal oxides [14,15],
and resins [16] are commonly used adsorbents. However,
the above-mentioned adsorbents are expensive and lack
of specificity for phosphate, which makes it difficult to be
applied on a large scale [17]. The objective of this study is
to prepare an adsorbent for removing phosphorus from
glyphosate by-product salt wastewater. Attapulgite is a sil-
icate mineral rich in magnesium and aluminum, with a sil-
ica tetrahedral structure [18,19]. Due to its large specific
surface area, porous physical structure and excellent chem-
ical structure, attapulgite can be used to prepare adsorbents
[20-22]. Attapulgite resources are abundant in China, which
is beneficial for the preparation of attapulgite adsorbent
for phosphorus removal. However, natural attapulgite has
great limitations in phosphorus removal, especially in the
targeted removal of phosphorus impurities [23]. Therefore,
a series of modification treatments are required to improve
the adsorption performance of the attapulgite. Commonly,
thermal modification [24-27], acid modification [28], salt
modification [29] and organic modification [30] are used to
modify the attapulgite to improve its adsorption capacity.

Attapulgite has a good cation exchange capacity. Thus, it
can be loaded with metal ions [19]. Therefore, the attapulg-
ite can be loaded with iron and aluminum salts, which
have affinity for phosphorus to improve its phosphorus
removal performance. At present, there have been related
studies on phosphorus removal by modified attapulgite,
mainly for the phosphorus removal from environmental
wastewater and simulated wastewater [31]. However, there
has been no report on the phosphorus removal from high-
concentration by-product salt by glyphosate.

In this paper, the modification methods of attapulgite
that can be used to remove phosphorus from glyphosate

by-product salt and high-salt wastewater were discussed
and compared, which provides a theoretical basis for the
utilization of glyphosate by-product salt. In addition, effects
of attapulgite type, calcination temperature and modifica-
tion methods on the phosphorus removal from glyphosate
by-product salt solution were studied, which provides a
theoretical basis for the resource utilization of glyphosate
by-product salt.

2. Experimental section
2.1. Reagents and materials

Three types of attapulgite, grey white palygorskite clay
(ATP1), opal-palygorskite clay (ATP2) and dolomitic pal-
ygorskite clay (ATP3) were purchased from Changzhou
Dingbang Mineral Products Technology Co., Ltd., (Jiangsu,
China). Sodium hydroxide, potassium antimony tar-
trate, ammonium molybdate tetrahydrate, ascorbic acid,
hexahydrate and aluminum chloride, ferrous sulfate hep-
tahydrate supplied by Sinopharm Chemical Reagent Co.,
Ltd., (Shanghai, China) were of analytical grade. Sulfuric
acid, ethanol and phenolphthalein were supplied by Nanjing
Chemical Reagent Co., Ltd., (Nanjing, China). Glyphosate by
product salt was supplied by HuBei XingFa Chemical Group
Co., Ltd., China.

2.2. Material characterization

Crystal phase was recorded by X-ray diffractometer
(XRD, X'Pert® Powder, Panalytical B.V.,, The Netherlands)
with CuKa radiation (35 kV and 25 mA). Diffraction angles
were measured for 20 ranging from 5° to 85° at 0.1 s/
step. Morphology and grain size were observed by scan-
ning electron microscope (Nova NanoSEM 450, Thermo
Fisher, America) operated at 15 kV. Elemental distribution
was measured by energy-dispersive X-ray spectroscopy
(Vantage DS1, Noran, America) attached to scanning elec-
tron microscope. The total phosphorus content in solu-
tion was determined using total phosphorus rapid tester
(SH-50TN, Shengaohua, Jiangsu, China). X-ray diffraction
(XRD) was used to determine the crystal phase composi-
tion of attapulgite, and scanning electron microscopy (SEM)
was used to observe the microstructure of attapulgite.
Composition of glyphosate by-product salt was estimated
by the inductively coupled plasma atomic emission spec-
trometer (Perkin Elmer 4300DV, America). Table 1 shows the
elemental composition of glyphosate by-product salt.

Table 1
Results of content determination of various elements in
by-product salt of glyphosate

Elements Content
P (mg/kg) 1,879.41
Ba (mg/kg) 0.034
Ca (mg/kg) 31.08
Fe (mg/kg) 2.82
Mg (mg/kg) 23.00
NaCl (g/kg) 931.00
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Fig. 1. Glyphosate structure.

As shown in Fig. 2, 3,471 cm™ are telescopic vibration
of -OH. 2,371 and 1,620 cm™ are P-H and -NH, functional
group vibration, respectively. 1,427 cm™ is C-N functional
group vibration. Therefore, it is presumed that the phos-
phorus in glyphosate by-product salt after calcination exists
in the form of phosphite.

Fig. 3a shows the XRD patterns of three types of atta-
pulgite. ATP1 is composed of quartz crystal phase and
palygorskite crystal phase. ATP2 is composed of paly-
gorskite calcite, montmorillonite, opal and quartz crystal
phases. ATP3 is composed of dolomite, palygorskite and
quartz crystal phase. The Fourier-transform infrared (FT-IR)
spectra of ATP1, ATP2 and ATP3 are shown in Fig. 3b. The
peaks at 898 and 918 cm™ are attributed to Si-O-Si bonds
in carbonate minerals. The peak at 3,749 cm™ is O-H
bond telescopic vibration.

2.3. Calcination of glyphosate by-product salt

The treated wastewater sample is prepared with a
certain concentration of glyphosate by-product salt pro-
duced by Hubei Xingfa Chemical Group Company (Hubei,
China).

2.4. Preparation of thermally modified attapulgite

Three types of attapulgite (ATP1, ATP2 and ATP3) were
calcined at 400°C, 500°C, 600°C, 700°C, and 800°C for 2 h
to obtain TATP1, TATP2 and TATP3, respectively.
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Fig. 2. FT-IR diagrams of glyphosate by-product salt.

2.5. Preparation of chemically modified attapulgite

5 g TATP3 calcined at 700°C was mixed with
FeSO,7H,0 according to the mass ratio of TATP3:
Fe = 5:1. 100 mL water was added into, and was stirred
in a magnetic stirrer at room temperature for 2 h. Then,
it was filtered and washed, dried at 40°C, and ground to
obtain Fe-TATP3. 5 g TATP3 calcined at 700°C was mixed
with AICL-6H,O according to the mass ratio of TATP3:
Al = 5:1. 100 mL water was added into, and was stirred
in a magnetic stirrer at room temperature for 2 h. Then,
it was filtered and washed, dried at 40°C, and ground to
obtain AlI-TATP3. 5 g TATP3 calcined at 700°C was mixed
with polymeric ferric sulfate according to the mass ratio
of TATP3: PFS = 1:1. 100 mL water was added into, and
was stirred in a magnetic stirrer at room temperature for
2 h. Then, it was filtered and washed, dried at 40°C, and
ground to obtain PFS-TATP3. 5 g TATP3 calcined at 700°C
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Fig. 3. (a) XRD patterns of three types of attapulgite and (b) FT-IR spectra of three types of attapulgite.
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was mixed with AICL-6H,O and FeSO,7H,O according
to the mass ratio of TATP3: Al:Fe = 20:1:1, 10:1:1 and 5:1:1,
respectively. 100 mL water was added into, and was stirred
at room temperature in a magnetic stirrer for 2 h. Then, it
was filtered and washed, dried at 40°C, and ground to obtain
Al/Fe-TATPI, Al/Fe-TATPII and Al/Fe-TATPIIL, respectively.
Fig. 4 shows the preparation of the attapulgite adsorbent.

2.6. Adsorption experiments

The attapulgite was added into 10 g L™ glyphosate
by-product salt solution with magnetic stirrer according
to 0.3 g/25 mL and then filtered for 2 h. The total phospho-
rus contents before and after the adsorption were mea-
sured, respectively. The total phosphorus removal rate
and adsorption capacity were calculated according to the
following equations.

The following equation is used to determine the
phenol adsorbed per unit mass of adsorbent (q_, ).

@ X Vso] (1)

qads =
adsorbant

where C, and C; (mg L) denote residual/final and initial
concentrations of total phosphorus, respectively, V_, is
the volume of solution (L), and m is the adsorbent
mass (g).

The removal rate of total phosphorus Re (%) in solution
is calculated by the following equation:

Re = [Co_c} %100
CO

adsorbent

@)

2.7. Regeneration experiment

0.5 g of Al/Fe-TATPIII adsorbent was weighed sepa-
rately and placed in 25 mL of 80 g L™ glyphosate by-product
salt solution for 3 h to obtain the equilibrium adsorption
capacity g, (mg g”'). The reacted material was placed in
25 mL of ultrapure water, 0.1, 0.2 and 0.3 mol L hydrochlo-
ric acid solution, shaken for 24 h. After washing the adsor-
bent, the above adsorption experiment was performed

Thermal modification

Raw materials

—
Calcined
Calcined

attapulgite

Fig. 4. Preparation and adsorption process of modified attapulgite.
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again to obtain the adsorption capacity g, (mg g7).
The regeneration rate was calculated according to Eq. (3).

Reg = {ﬂ x100% 3)

9.

2.8. Determination of ion exchange capacity

The cation exchange capacity (CEC) of attapulgite clay
was determined by the ammonium chloride-anhydrous
ethanol method [32]. The anion exchange capacity (AEC)
was determined by titration method [33].

3. Results and discussion
3.1. Effect of calcination temperature on attapulgite

As shown in Fig. 5a, when the calcination temperature
is below 600°C, the removal rate of total phosphorus by
ATP1 decreases with the increase in calcination tempera-
ture. However, when the calcination temperature reaches
700°C, the removal rate of total phosphorus by ATP1
begins to increase with the increase in temperature. The
removal rate of total phosphorus can reach 88.57%. When
the calcination temperature reaches 800°C, the removal
rate begins to decrease. The calcination is not conducive to
total phosphorus removal rate of ATP2. The removal rates
of total phosphorus of ATP2 with calcination are all lower
than those without calcination, respectively. When the cal-
cination temperature is below 700°C, the total phosphorus
removal rate of ATP3 gradually increases with the increase
of calcination temperature. When the calcination tempera-
ture is higher than 700°C, the total phosphorus removal
rate begins to decrease. ATP3 achieves the best adsorp-
tion effect with the calcination temperature of 700°C, and
the total phosphorus removal rate can reach 96.96%.

Fig. 5b shows the XRD patterns of ATP1 under
different calcination temperatures. The palygorskite
diffraction peak of ATP1 has no obvious change at the
calcination temperature of 400°C. When the calcination
temperature is further increased to 500°C, the palygor-
skite is significantly weakened, and when the calcina-
tion temperature reaches above 600°C, the palygorskite

Chemical modification Adsorption




104

Q. Wu et al. / Desalination and Water Treatment 253 (2022) 100-112

(a) 100 4 ®) ¢-Quartz
& Palygorskite
-\.._/-\_..L 800
80 -
g : \_/u._-l 700
=60 - =
= z
E E .\*A‘le‘_‘_‘ 600
5 o3
%40 1 =
20 4 * ‘ B
S .
04 : : . . S——
raw - 400 500 600 700 800 10 20 30 40 50 60 70
Temperature(°C) 2Theta(Degree)
(© #&-Palygoskite y-Montmorillonite (d & Dolomite ¢-Quartz
¢-Quartz =Paragonite ¥-Opal w-Calcite ® Periclase
% 800 W@gorskite 800
EE % _700 i W 2700
£ = E’ L l 'I
= % 600 : ! " s
= - A &
= =
RV | f—
\é A *
]y 400 N .
Y T 400
10 20 30 40 50 6 70 10 20 30 40 S0 60 70
2Theta(Degree) 2Theta(Degree)
(® | TATP3 {W
o) 910.40
S| TATP2
g
=
E
E
E 902.68
= | TATP1
902.68

4000 3500 3000 2500

2000 1500 1000 500

Wave numb er(cm‘l)

Fig. 5. (a) Effect of calcination temperature on phosphorus removal, (b) XRD pattern of ATP1 under different calcination tempera-
tures, (c) effect of ATP3 calcination temperature on phosphorus removal, (d) XRD pattern of ATP3 under different calcination tem-
peratures and (e) FT-IR of three types of attapulgite after calcination.

disappears completely. At calcination temperatures up
to 800°C, the quartz diffraction peaks do not change sig-
nificantly. With the increase of calcination temperature,
the removal of crystalline water within the structure
of the attapulgite causes the collapse of the pore struc-
ture of the palygorskite, resulting in the change of the

palygorskite crystalline phase to amorphous, which leads
to a decrease of the adsorption capacity.

Fig. 5¢c shows the XRD patterns of ATP2 under different
calcination temperatures. The quartz and opal crystalline
phases are stable and unchanging within the calcination
temperature range of 800°C. At the calcination temperature
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up to 800°C, the palygorskite diffraction peaks disappear
completely. The paragonite diffraction peak appears at
the calcination temperature of 600°C and disappears at
the calcination temperature of 800°C. The montmorillonite
diffraction peak begins to weaken with the increase of cal-
cination temperature. When the calcination temperature
reaches 800°C, the montmorillonite basically disappears and
transforms into amorphous phase. Therefore, it is hypothe-
sized that the decrease in the adsorption capacity of ATP2
with calcination temperature is due to the removal of crys-
talline water from attapulgite by high-temperature calci-
nation, resulting in the collapse of the pore structure of
palygorskite and the disappearance of the crystalline phase.

Fig. 5d shows the XRD patterns of ATP3 under different
calcination temperatures. The crystalline phase composition
of ATP3 does not change significantly at a calcination tem-
perature of 500°C, and the total phosphorus removal rate
increases significantly. When the calcination temperature is
600°C, the dolomite diffraction peak is transformed into the
calcite, and the adsorption performance of ATP3 is signifi-
cantly improved. When the calcination temperature is 700°C,
the periclase diffraction peak appears. With the increase of
calcination temperature, the calcite and periclase diffraction
peaks gradually weakened. When the calcination tempera-
ture reaches 800°C, the calcite and periclase diffraction peaks
completely disappear. The calcination of dolomite generated
periclase and calcite are beneficial to the generation of cal-
cium phosphate from phosphate, thus effectively improv-
ing the adsorption performance. Fig. 6 shows the process of
decomposition of dolomite crystal structure occurring.

Fig. 5e shows the FT-IR of ATP1, ATP2 and ATP3 with
calcination temperature of 700°C. A red shift of the Si-O-
Si band of both ATP1 and ATP2 can be observed at 700°C,
and the band at 902 cm™ becomes sharp and intense. It may
be because that Al atoms replace Si atoms, and the electro-
negativity of Al is smaller than that of Si, which reduces
the vibration frequency and causes the red shift. In addi-
tion, the Si-O-Si bond peak of ATP3 shows a blue shift and
becomes weaker at 910 cm™. This may be because that the
calcination causes the Si—-O-Si break, and the vibrational
peak of AlI-Mg—OH appears [27].

3.2. Effect of chemical modification on phosphorus removal

Fig. 6a shows the effect of different modifiers on the
adsorption performance of the calcined ATP3. As shown
in Fig. 6a, the phosphorus removal rate s of ATP3 by mod-
ification with four modifiers all reaches above 95%. Among
them, the phosphorus remove rate of ATP3 with combined
Fe/Al modification can reach 99.9%.

Fig. 6b shows the XRD patterns of TATP3 with calcina-
tion temperature of 700°C by modification with different
modifiers. The crystalline phases of the Al and Al/Fe mod-
ifications does not change significantly. These two crystal-
line phases are present in water with calcium ions, and they
form more calcium phosphate precipitates with phosphoric
acid, thereby improving the adsorption performance of
ATP3. The gismondine crystalline phase is formed in TATP3
modified with PFS, and the gypsum crystalline phase is
formed in ATP3 modified with Fe. Fig. 6¢c shows the FT-IR
patterns of TATP3 at calcination temperature of 700°C by

modification with different modifiers. The IR spectrum is
basically unchanged by modification with Al/Fe, PFS and
Fe. AI-TATP3 shows a new peak at 540 cm™, which may be
a stretching vibration of O-Si-O.

Fig. 6d shows the effect of Al/Fe ratio on the phosphorus
removal rate. The best modification effect is achieved with
the Al/Fe-TATPIIIL, and the removal rate can reach 99.97%.
As can be seen from Fig. 7, the synthesis and adsorption
process of Al/Fe-TATPIII is shown, the surface adsorbed
water, bound water and zeolitic water are removed after
calcination of attapulgite, which provides more adsorption
sites for chemical modification.

Fig. 8a is a SEM image of ATP3. As shown in Fig. 8a,
the surface of the ATP3 as needle-like structure is accu-
mulated, which is due to the chain layer structure of the
attapulgite. Fig. 8b is an SEM image of ATP3 with calcina-
tion temperature of 700°C. TATP3 still has the needle-like
structure. However, the structure is shortened, and more
disordered. Fig. 8c shows the SEM image of Al/Fe-TATPIII.
The needle-like structure of the attapulgite disappears,
and its surface is a rough irregular spherical structure
stacked up. Fig. 8d is the energy-dispersive X-ray spec-
troscopy (EDS) image of Al/Fe-TATPIIL the iron element is
successfully loaded onto the surface of the attapulgite.

3.3. Optimization of Al/Fe-TATP conditions on total
phosphorus removal

3.3.1. Effect of waste salt concentration on
phosphorus removal

Fig. 9a shows the effect of by-product salt concentration
on adsorption capacity for phosphorus removal of three
different mass ratios of Al/Fe. The adsorption capacity of
all the three Al/Fe modifications increases gradually with
the increase of glyphosate by-product salt concentration.
When the by-product salt concentration is 10 g L7, the
Al/Fe mass ratio has little effect on the adsorption capacity
for phosphorus removal. With the further increase of the
total phosphorus content, Al/Fe-TATPI gradually reaches
the maximum adsorption capacity. The adsorption capac-
ity may be related to the amount of Al/Fe addition. When
the amount of Al/Fe addition increases, more Al and Fe are
loaded on the surface of the attapulgite, and more ions can
co-precipitate with phosphate, thereby a higher adsorp-
tion capacity can be obtained. The maximum adsorption
capacities of the three adsorbents were 9.63, 10.05 and
13.67 mg g respectively.

3.3.2. Effect of contact time on phosphorus removal

Fig. 9b shows the effect of contact time on the adsorption
capacity for phosphorus removal. When the contact time is
120 min, the adsorption equilibrium is basically reached.
When the contact time is 5 min, the amount of Al/Fe mod-
ifier addition has a greater effect on adsorption capac-
ity. The greater the amount of Al/Fe addition, the higher
the adsorption capacity. The adsorption capacities of Al/
Fe-TATPI, Al/Fe-TATPII and Al/Fe-TATPIII reach 1.91, 1.24
and 2.03 mg g™, respectively. When the contact time is in the
range of 10-30 min, the adsorption capacity of Al/Fe-TATPII
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Fig. 6. (a) Effects of different modifiers on phosphorus removal rate, (b) XRD patterns of different modifiers, (c) FI-IR patterns of
different modifiers and (d) effect of Al/Fe modifier ratio on phosphorus removal rate.

increases most rapidly. When the contact time is 240 min,
the adsorption capacities of the three types of Al/Fe-TATP
are relatively close, which are 2.28, 2.21 and 2.28 mg g7,
respectively.

3.3.3. Effect of dosing amount on phosphorus removal

Fig. 9c shows the effect of Al/Fe-TATPIII dosing amount
on the phosphorus removal of glyphosate by-product salt
solution. When the adsorbent dose amount is in the range
of 0.1-0.5 g/25 mL, the total phosphorus removal rate is
greater than 99%. The adsorption capacity for phosphorus
removal gradually decreases with the increase of dosage.
This is because that the increase in dosage provides more
adsorption sites, which leads to a decrease in adsorption
capacity.

Fig. 10 shows the adsorption capacity of Al/Fe-TATPIII
at different initial pH. The removal of total phosphorus was
98.43%-96% and adsorption capacity was 13.52-13.31 mg g~
at the initial pH of the solution of 2-12, indicating that

the prepared attapulgite adsorbent has good phosphorus
removal in either acidic or alkaline solutions.

Table 2 shows the determination of the ion exchange
capacity of ATP3 before and after modification. The results
indicate that high temperature calcination and chemical
modification can increase its anion exchange capacity.

3.4. Adsorption mechanism
3.4.1. Adsorption kinetics study

The investigate the interaction between phosphate mol-
ecules of the three modified adsorbents (Al/Fe-TATPI, Al/
Fe-TATPII, Al/Fe-TATPIII) the pseudo-first-order and pseudo-
second-order kinetic models were used, and the intraparti-
cle diffusion model is used to analyze the control diffusion
mechanism [34,35]. The three adsorption kinetic models
are expressed as follows:

In(g, —g,)=Ing, -kt 4)
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L > L (5)
9. Kyq, q,

g, =kt +C (6)

The relevant parameters of the three models are
shown in Table 3. The fitting curve as shown in the Fig. 11,
the correlation coefficient R? of the pseudo-secondary
dynamics model is closer to 1 than that of the pseudo-first-
order kinetic model. In addition, the calculated value g, of
the pseudo-second-order model is closer to the experimen-
tal value than that of the pseudo-first-order kinetic model.
This indicates that the pseudo-secondary dynamics model
can better describe adsorption behavior, mainly chemical
adsorption. Fig. 12 shows the kinetic data plotted accord-
ing to the intra particle diffusion model. The observed
adsorption kinetics consists of three continuous images.
The first-stage 2.2 < t** < 5.5 min® represents the surface
process, the second-stage 5.5 < > < 11.0 min®® represents
the liquid-film diffusion, and the third stage observed
11.0 < %5 < 15.5 min® represents that phosphate molecules
diffuse through the gap to the active site of the adsorbent,
so as to achieve adsorption equilibrium [36].

3.4.2. Adsorption isotherms

In this study, Langmuir model (7), Freundlich model
(8) and Temkin model (9) three isothermal adsorption
model equation was used to verify the interaction between
of the three adsorbents (Al/Fe-TATPI, Al/Fe-TATPII, Al/
Fe-TATPIII) and phosphate [15,22]. The fitting equation is
as follows:

T )
9. Kig,C. 4,
1
logg, =InK, +—logC, 8)
n
q,= (T)lnA+(T)lnCﬂ )

The fitting curves of Langmuir, Freundlich and Temkin
models are shown in Figs. 13a, b and 14, respectively.
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The relevant parameters are shown in Table 4. The results
show that the fitting parameters of Langmuir model are
higher than those of other isothermal models, which indi-
cates that phosphate exhibits monolayer adsorption on
the heterogeneous phase points of adsorbents prepared
with three different iron aluminum ratios [37]. According
to Langmuir adsorption model, the maximum adsorption
capacities of Al/Fe-TATPI, Al/Fe-TATPII, Al/Fe-TATPIII
were 6.739, 8.646 and 14.59 mg g7, respectively. It was very
close to the experimental values. Meanwhile, compared
with Table 5, the maximum adsorption capacity of the
adsorbent is the highest compared with the mineral adsor-
bent. Although the adsorption capacity of the adsorbent is
lower than that of carbon nanotubes and resins, the prepa-
ration cost of the adsorbent using attapulgite as raw mate-
rial is much lower than that of carbon nanotubes and resins.

3.5. Regeneration study

Fig. 15 shows the effect of different washing methods
on the regeneration of the adsorbent. When regenerated
with 0.1 mol L' HC], the adsorbent regenerated best with a
regeneration rate of up to 60.54% and pure water regenera-
tion rate of up to 52.86%. It was tentatively proved that the
adsorbent prepared with attapulgite has a certain recovery
capacity.
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Fig. 10. Effect of initial pH of solution on the phosphorus removal
rate.
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Fig. 9. (a) Effect of by-product salt concentration on the adsorption capacity for phosphorus removal, (b) effect of contact time on
the adsorption capacity for phosphorus removal and (c) effect of adsorbent dose amount on the phosphorus removal rate.
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Table 2

CEC and AEC of attapulgite before and after modification

Adsorbent CEC (mmol/100 g) AEC (mmol g7)
TATP3 11.67 5.00
700°C-TATP3 15.33 16.25
Al/Fe-TATPIII 4.33 20.00

24

2.2 1

2.0 1
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Fig. 12. Intraparticle diffusion of phosphate onto three adsorbents.

Table 3

4, Conclusions

Among the three types of attapulgite, only ATP3 can
improve its phosphorus removal effect by high-tempera-
ture calcination. The optimal calcination temperature is
700°C, and the total phosphorus removal rate of glypho-
sate by-product salt solution can reach 96.96%.

The effects of four types medium chemical modifica-
tion on the phosphorus removal were studied. The total
phosphorus removal rate of Al/Fe-TATPIII of glyphosate
by-product salt solution can reach 99.97%.

The chemical adsorption of Al/Fe-TATPIII determines
the adsorption process for total phosphorus. When
the contact time is 120 min, the adsorption balance can
be achieved. Al/Fe-TATPIII adsorption process fits the
Langmuir model, and the theoretical adsorption capacity
can reach 14.59 mg g™'. Regeneration rate of the adsorbent
can reach 60%.
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Fitting parameters of pseudo-first-order, pseudo-second-order kinetic model and intraparticle diffusion model

Pseudo-first-order

Pseudo-second-order Intraparticle diffusion

model model model
Adsorbents (9)ep (Mg g’ K (min') g (mgg') R K,(gmg'min') g (mgg') R K, C R?
Al/Fe-TATPI  2.201 0.00805 0.848 0.819 0.0768 2.259 0.996 0.0725 1.270 0.8139
Al/Fe-TATPII  2.287 0.00688 0.596 0.955 0.2048 2.303 0.999 0.0277 1914 0.8775
Al/Fe-TATPIII 2.289 0.00965 0.481 0.939 0.4422 2.292 0.999 0.01822 2.506 0.7767
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Table 4
Fitting parameters of Langmuir, Freundlich and Temkin models

Langmuir Freundlich Temkin
Adsorbents K, (Lmg™) q, (mgg) R? K (g mg™ min™) 1/n R? A b R?
Al/Fe-TATPI 5.599 6.739 0.949 3.209 0.173 0.906 4215 1841.6 0.703
Al/Fe-TATPII 21.26 8.646 0.966 6.180 0.147 0.773 7280.9 3042.6 0.803
Al/Fe-TATPIII 19.809 14.59 0.970 9.905 0.174 0.615 5537.4 2086.8 0.540

Table 5
Comparison of the maximum uptake of various adsorbent for phosphate

Adsorbents q,(mgg')  Adsorbents q,(mgg™)
4A zeolite 23 [38] Modified bentonites 11.60 [39]
Multi-walled carbon nanotubes 198 [40] Natural calcium-rich attapulgite 3.32 [41]
Ferrihydrite/bagasse composite 180.7 [42] Monohydrocalcite 2.85[17]
Lanthanum hydroxide-doped activated carbon fiber 15.3 [43] Hydrated zirconia-loaded resin 47.21 [44]
Dendrite-like halloysite-zinc oxide nanocomposites 97.3 [45] Zinc-based MOF/carbon nanotube hybrids ~ 188.5 [46]
Zirconia functionalized SBA-15 13.77 [47] Al(OH), nanocrystals 850.5 [48]
1.2
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Fig. 13. Adsorption isotherm: (a) Langmuir adsorption and (b) Freundlich adsorption models.
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