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Abstract: The measurement of 2!°Pb is significant in environmental studies. Lead separation
in HCI solution is a vital procedure but suffers from poor efficiency with high labor and time
costs. To overcome this problem, a novel anion exchange resin was synthesized and
characterized by different techniques followed by studies on the adsorption behaviors towards
lead in HCI solution. The results suggest that SiPS-N(CH3);Cl was successfully prepared with
small particle size, low water swelling rate, and large specific surface area. The maximum
anion exchange capacity resulted from quaternary amine groups was determined to be 1.0
mmol (CI')/g.The adsorption activities reached equilibrium within 3 min under selected
conditions offering extremely fast adsorption kinetics. The synergistic adsorption mechanism,
the multilayer adsorption mechanism, and the competition from co-existing chloride anions
were found to be responsible for the lead adsorption performance of SiPS-N(CHj3)3:Cl.
Column experiments showed that the feeding volume of lead and HCl had impact on the
chemical yield regardless of the co-existence of high concentrations of FeClz (90 mM) and a
high flow speed (4.0 mL/min). Based on these results, a separation process integrating
SiPS-N(CH3)3Cl1 and the matched parameters was finally developed and tested. Our work
greatly raised the lead separation efficiency in HCI solutions with implications for measuring

210pb in environmental samples.
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1. Introduction



210pp (11, = 22.2 y) is a radioactive isotope of stable 2’Pb that occurs naturally as one of
the decay products of the *3U series. Most 2!°Pb is from ?*’Rn (t1» = 3.8 d) in the atmosphere
or lithosphere after a series of decays (passing through 2!®Po, 2!Pb, 2“Bi, and 2'“Po). Other
sources of 2!°Pb include the burning of fossil fuels, the processing of lead ore, and car engines
using tetraethyl lead as fuel [1]. 2!°Pb leaves the atmosphere quickly by wet washout or dry
deposition and readily enters soil or water [2, 3]. The measurement of 2!°Pb is significant for
environmental studies, as it provides quantitative information on the flux of *?Rn and its
daughter nuclides in the atmosphere [4-6]. Such measurements are applied in uranium
exploration, monitoring radionuclide migration in the uranium series, and luminescence
dating of sediments [7-9]. 2!°Pb and its daughter 2!°Po have also aroused great public concern
because they account for 35% of the total internal irradiation dose resulting from naturally
occurring radionuclides. Such species can accumulate in foods especially seafoods and be
ingested by humans [10-12]. The World Health Organization recommends that the activity

concentration of 2!°Pb be less than 0.1 Bg/L in drinking water [2].

The decay of >'°Pb is accompanied by the combined emission of beta particles (16 & 63
keV) and gamma rays (46.5 keV). It then transforms into 2!°Bi (5.1 d), which next decays to
210po by emitting beta particles (1.2 MeV) [13]. The '°Po is a pure alpha-emitter, and the
emitted particle energy is 5.3 MeV. Direct counting of beta particles emitted by 2'°Pb is
almost impossible due to the low energy. Generally, four main methods are used to determine
210pb including: (1) direct counting of gamma rays of 2!°Pb [14], (2) separation of 2!°Po

followed by counting of its alpha activity [15, 16], (3) separation of 2!°Bi followed by
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counting its beta activity [17], and (4) separation of Pb followed by counting the beta activity

of ingrowing 2!°Bi [1, 3, 18]. These methods have both advantages and disadvantages.

Direct counting of gamma rays suffers from poor sensitivity and accuracy [1]. Method (2)
has a long-time delay (at least 6 months) for the secular equilibrium 2!°Pb->'Bi->!’Po. It is
also unable to obtain the chemical yield of Pb [19]. ?!°Bi separation is selective and sensitive,
but it requires equilibrium between 2!°Pb and 2'°Bi in samples and is not yet applicable for
some biological and environmental samples [1]. Therefore, the separation of Pb followed by
counting the beta activity of ingrowing 2!°Bi is the most common method in the field of
nuclide analysis due to its easy operation, rapid turnaround time, and excellent selectivity and

accuracy.

Although the fourth method saves time versus other determination methods, significant
time and labor are still required to separate lead. The brief separation flowsheet of 2!°Pb is
shown in Fig.1, containing some procedures [20-22]: the addition of stable Pb as carrier, the
coprecipitation with ferric hydroxide, the collection and dissolution of mixed precipitate, the
lead purification (including adsorption and desorption) in columns, the evaporation of
collected solution, the followed dissolution and final precipitate with sulphates, etc. As a vital
procedure, column separation and evaporation occupy a large fraction of the total time and
labor costs. The two procedures would last for several days for one sample assuming an
8-hour workday [21]. This is a common problem in radiation environmental monitoring; for
example, in the Radiation/Environment Management and Monitoring Station of Guangxi

Zhuang Autonomous Region and other similar governmental agencies situated in China.
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These agencies follow the same nuclear industry protocol originated from “Standard Test

Method for Lead — 210 in Water” (ASTM D7535 — 2009).

Strong base anion exchange resins are commonly used to separate 2!°Pb such as
Dowex1x8 [7], BIO-RAD-AG 1-X4 [1], and 201x7 [19]. The separation principle is that the
lead cation can compound with chloride ions in the hydrochloric acid solution and then form
anionic complexes that could be adsorbed by anion exchange resins; other metal cations like
alkalis and alkaline earth metal cations cannot form such a complex. However, these resins
suffer from poor adsorption kinetics [23-25], thus leading to a long separation time and low
efficiency. More recently, scholars have developed novel anion exchangers for cationic
metal-organic framework materials (MOF) [26-28], layered double-metal hydroxides
materials (LDH) [29-31], inorganic cationic extended frameworks materials [32, 33], and
functionalized graphene oxide materials [34-36]. However, few works have investigated the
separation and purification of lead in hydrochloric acid solution. Therefore, whether these
anion exchangers could be used to separate 2'°Pb is unclear, especially because of the
problematic chemical stability or column compatibility of these materials in strong acid. Here,
we report the synthesis and characterization of a novel silica-supported anion exchange resin
with notable adsorption kinetics, extremely low swelling, and the same chemical properties as
traditional anion exchange resins. The adsorption behaviors of this composite in hydrochloric
acid were investigated in batch and column modes. As a result, a novel anion exchanger with
excellent performance and a matched separation process with the optimum operation

parameter were obtained. This system was used to separate lead from hydrochloric acid for
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downstream determination of 2!°Pb in environmental samples.

| Take 5 L water and acidify to pH 2 with HNO;; Add Pb and Fe Carriers ‘

l

] Add NH,OH to precipitate iron and lead hydroxide ‘

| Centrifuge and collect precipitate discarding supernatant liquid ‘

[ Dissolve precipitate with 1 M HCI ‘

Separate lead from other beta nuclides in the column packed with anion exchange resin

|

Evaporate the collected solution, and dissolve it with deionized water

l

Precipitate Pb?* as PbSO,; Filter, wash and collect the precipitate ‘

l

Dry and weigh the precipitate to calculate the chemical yield of 21°Pb |

l

Store for at least | month and measure the total beta activity
by the low-background alpha/beta counter

Fig. 1 The separation and purification flowsheet of 2!°Pb.

2. Experimental section
2.1 Materials and reagents

The silica used in the work was purchased from Fuji Silysia Chemical Ltd. (Japan). The
particle size ranged from 75 to 150 um, and the porosity was 69%. The divinyl benzine (DVB)
was a m/p-mixture stabilized with 1000 mg/L tert-butyl-catechol, and the purity was 55%,
which needed to be purified by 1 M NaOH solution in advance to remove the stabilizer. DVB
was purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd. and employed as a

crosslinking agent. The initiator o,a’-azobisisobuty-ronitrile (AIBN; chemical purity) was
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obtained from Tianjin Guangfu Fine Chemical Research Institute. The chloromethyl methyl
ether (CMME; analytical purity) was from Chengdu Aike Chemical Reagent Co., Ltd. and
used as the chloromethylation reagent. The trimethylamine aqueous solution (TMA; 33 wt.%)
was purchased from Sinopharm Chemical Reagent Co., Ltd. and was used as the amination
reagent. Other reagents were of analytical purity grade and were obtained from Shanghai
Macklin Biochemical Co., Ltd., including styrene, zinc chloride, acetophenone, and diethyl
phthalate (DEP), unless otherwise mentioned. All solutions were prepared with ultrapure
water (UPW) with an electrical resistance > 18.2 MQ. In this work, traditional resins, D201,
732, and TIRA900, were used to compare with the synthesized materials and were purchased

from Sunresin Company and Shanghai Macklin Biochemical Co., Ltd.

2.2 Synthesis

The silica-supported composite anion exchange resin was grafted with a quaternary
amine group and was denoted as SiPS-N(CH3);Cl. Fig. 2 shows the reaction path of

preparation, which is separated into three main procedures:
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Fig. 2 The chemical reaction path for the synthesis of SiPS-N(CH3);Cl.

(1) Preparation of the silica-supported polystyrene (denoted as SiPS)

The synthesis of SiPS adopted an in situ solution copolymerization method where the
DVB and styrene monomers were copolymerized in the mixed diluent of acetophenone and
DEP without water. The mixed organic phase was sucked into the pores of silica particles via

capillary and differential air pressure. A detailed synthesis has been published[37].

(2) Chloromethylation of SiPS

Here, 40 g of SiPS and 120 mL of CMME were added to a three-neck flask fitted with a
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blender, an Allihn condenser, and a dripping funnel. The mixed phases were agitated slowly at
room temperature for 3 h. Next, 7.2 g of ZnCl, was added in three batches. The flask was then
heated in a water bath at 40°C for 12 h. The stirring rate was controlled at 90—-100 rpm, and
the condensate temperature was 5°C. After completing the reaction, the product was named
SiPVBC (silica-supported poly-vinylbenzyl chloride) and was washed by UPW and ethanol
and finally dried in a vacuum oven at 40°C for 48 h. Before this procedure, the optimum ratio
of catalyst to CMME was investigated to increase the chlorine content of SiPVBC (Fig. S1).

The optimum ratio was then adopted.

(3) The amination of SIPVBC

40 g of SiPVBC and 60 mL of benzene were added into a flask with three necks
connected with a blender, an Allihn condenser, and a dropping funnel. The mixed phases were
slowly stirred at room temperature for 4 h. Next, 100 mL of TMA was added into the flask
dropwise at 10-20°C within 6 h. The mixture was then heated in a water bath at 30°C for 12 h
after which 20 mL of additional TMA was added to continue the reaction for 2 h. The product
was separated, washed by ethanol three times, and then placed in a saturated NaCl solution
with pH adjusted to 2-3. After 2 h, the saturated NaCl solution was gradually diluted. The
composite resin was then washed by UPW and finally dried in a vacuum oven at 40°C for 48

h before use. The product was denoted as SiPS-N(CH3);Cl.

2.3 Characterization

These prepared materials were characterized by FT-IR (Shimadzu IR Tracer 100, Japan),



TG-DSC (Netzsch STA 449F3, Germany), SEM-EDS (Phennom Prox, Holland), BET
(TRISTAR IT 3020, United States), and elemental analysis (EA, Elementar Vario MICRO
cube, Germany). For FT-IR, the spectrum was scanned from 400 cm ! to 4000 cm™! via a KBr
disc. The TG-DSC analysis was conducted in an oxygen atmosphere at a flow rate of 20
mL/min and a heating rate of 5°C/min. For SEM-EDS, the cross section was obtained by

immobilizing the composite particles with acrylic resin.

2.4 The estimation of swelling rate

Traditional resins D201, 732, and IRA900 were compared with SiPS-N(CH3)3Cl for the
bulk density and swelling rate. D201, 732, and IRA900 were pretreated according to the
national standard of China GBT5476-1996. Finally, D201 and IRA900 were transformed into
Cl-type, and 732 was transformed into Na-type. Next, the apparent volumes per unit mass

were measured in a graduated cylinder as described previously [37].

2.5 The determination of amine groups

Next, 0.1026 g of SiPS-N(CH3)3Cl was packed in a glass column (¢ x h =5 mm x 10 cm).
The column was first fed with 50 mL of UPW (this was discarded), and then eluted by 50 mL
of 0.1 M NaNOs (collected). The amount of chloride ions in the effluent was measured with
an ion chromatograph (Metrohm 930, Switzerland). Considering that the amine groups have a
high affinity towards ReOs’, the maximum adsorption amount towards the perrhenate anion
was further measured by ICP-AES (Shimadzu S7510, Japan). The results suggested that the

amount of chloride taken by SiPS- N(CH3)3Cl and the maximum exchange capacity were both
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about 1.0 mmol/g.

2.6 The calculation of lead species

The distribution of lead species was calculated by the PHREEQC software developed by
the United States Geological Survey [38]. The thermodynamic data in the database

PHREEQC.dat were employed and listed in Table S1.

2.7 Batch experiments

The 5000 mg (Pb*")/L stock solution was prepared by dissolving 0.7993 g Pb(NOs), in
100 mL of UPW. The working solution of 500 mg (Pb*")/L was obtained by diluting the stock
solution 10-fold. Other stock or working solutions were prepared as mentioned above. The 0.1
g of SiPS-N(CH3)3Cl was mixed with 5 mL of working solution in glass bottles. These bottles
were covered with Teflon caps and placed in a shaker at room temperature; the shaking
frequency was 120 rpm. These solutions were subsequently separated by the syringe filter
with a mean pore size of 0.45 um. The separated solutions were diluted by 1%(v/v) HCI
solution and measured by an atomic absorption spectrophotometer (AAS, Jena contra 700,
Germany). The adsorption efficiency and amount were calculated via following two

equations:
0. =(G-CYV /m "

D=(C,-C.)/C, x100% o

Here, Q. (mg/g) and D (%) are the adsorption amount and adsorption efficiency at the

equilibrium state, respectively; Co (mg/L) and C. (mg/L) represent the initial and equilibrium
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concentration of lead, respectively; V' (mL) is the volume of solution; and m (g) is the mass of

the adsorbent.

The impact of initial concentrations of HCl and co-existing FeCl; were investigated to
explore the adsorption behaviors of SiPS-N(CHj3)3Cl towards lead cations in the HCI. In
addition, the adsorption kinetics and isotherms were carefully studied by varying the contact
time and the initial concentration of lead, respectively. Here, the pseudo-first order kinetic
model (PFO) and the pseudo-second-order kinetic model were employed to fit the kinetic data

(see Supporting Material (S2)).

2.8 Column experiments

The 3.3579 g of SiPS-N(CHj3)3Cl was packed in a glass column (¢xh = 5 mm x 30 cm)
connected with a peristatic pump (EYELA MP 2000, Japan) and an automatic fraction
collector (EYELA DC-1500C, Japan); the dead volume was about 5.4 mL. The solution was
pumped into the column at a certain speed and then collected by an automatic fraction
collector. The column was regenerated by 30 mL UPW and pretreated with 20 mL of HCI (1.0
M) for the next experiment. Namely, the column was used repeatedly. Generally, four column

experiments were performed with different aims (see Supporting Material (S3)).

3 Results and Discussion

3.1 Characterization

The prepared samples were first characterized by TG-DSC analysis. Based on the weight

loss, the organic percent of SiPS, SiPVBC, and SiPS-N(CH3);Cl were 17.6%, 19.5%, and
12



24.6%, respectively (Fig. 3). The increased organic percent implied effective modification of
the precursors. SiPS went through two apparent weight loss stages as the temperature
increased from 25 to 650°C. These stages were accompanied by two exothermic peaks near
311 and 491°C, respectively, as shown in Fig. 3(a). The two weight loss stages both resulted
from the decomposition of the organic bone structure. Compared to SiPS, SiPVBC appeared
to have two weight loss stages as shown in Fig. 3(b). However, an exothermic shoulder peak
occurred at about 256°C in the DSC curve, which could be ascribed to the decomposition of
the chloromethyl group. For SiPS-N(CHs3):Cl (Fig. 3(c)), two endothermic and four
exothermic peaks appeared with the decomposition process. The first stage started from 25 C
to 139 °C, which could be attributed to the evaporation of residual water and the loss of
methyl on quaternary amine groups based on the endothermic essence. The second weight
loss stage occurred from 152°C to 240°C. This stage was also endothermic and could be
ascribed to the thermal decomposition of the tertiary amine. The weight loss stages higher
than 240°C were the oxygenolysis of the organic bone structure. These were supported by the
TG-DSC curves of the traditional organic resin D201 (Fig. 3(d)). The decomposition
temperature points of D201 were different from those in SiPS-N(CH3)3Cl due to the
differences in the degree of crosslinking and preparation technology. However, the order of

decomposition should be consistent.
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Fig. 3 The TG-DSC curves of SiPS, SiPVBC, SiPS-N(CH3);Cl, and D201.

Elemental analysis was next used to acquire the mass percent of C/H/N. Table 1 shows
the analysis results of SiPS, SiPVBC, and SiPS-N(CH3);Cl. The mass percent of nitrogen
reached 1.3% after the amination of SiPVBC, which is equal to 0.93 mmol (N)/g
(SiPS-N(CH3)3Cl). This is close to the results obtained in Section 2.5, which suggests that the
maximum exchange capacity resulted from quaternary amine was about 1.0 mmol (CI)/g.

These results combined with the thermal analysis mentioned above indicated the successful

preparation of the silica-supported anion exchange resin.
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Table 1. The mass percent of N/C/H of different samples.

Sample Name N (%) C (%) H (%)
SiPS 0 15.50 1.35

SiPVC 0.055 15.545 1.2485
SiPS-N(CH3)3Cl1 1.30 17.21 243

To obtain the information on pore structure, the resulting composite resin was further
characterized by BET. Fig. 4(a) shows the nitrogen adsorption and desorption isotherms. The
nitrogen adsorption and desorption isotherms produced an IUPAC type HI1 hysteresis loop
indicating a narrow pore diameter distribution and uniform shape of SiPS-N(CHj3);Cl. These
findings are supported by the results in Fig. 4(b), suggesting that the pore diameter was
mainly concentrated in the range of 10 nm to 70 nm; the micropores and macropores only
occupied a small portion. The pore parameters obtained by the BET analysis are reported in
Table 2. The pore volume decreased from SiO; to SiPS to SiPS-N(CHj3);Cl due to the
increased organic components. The BET surface area of SiPS-N(CH3);Cl was 59.03 m%/g,
which was much larger than that of traditional resin 732 (2.82 m?/g) and IRA900 (7.21 m?/g)
[37]. The average pore diameter was 32.58 nm, suggesting that SiPS-N(CH3)3Cl was
mesoporous. Generally, the implantation of the silica framework and the in-situ solution
polymerization method gives this material possess a large specific surface area that is rich in

pore structure.
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Fig. 4 Nitrogen adsorption and desorption isotherms (a) and the pore diameter distribution (b)

of SiPS-N(CH3):Cl.

Table 2 The parameters of pore structure for different materials.

Sample name BET surface area Pore volume Average pore diameter
(m?/g) (mL/g) (nm)
Si0 80.4 1.02 50.3
SiPS 95.72 0.6158 26.20
SiPS-N(CH3):Cl1 59.03 0.4651 32.58

To demonstrate that SiPS-N(CH3)3ClI had anion exchange capability, I M NaNOj solution
was used to transform the SiPS-N(CH3)3Cl resin into the SiPS-N(CH3);NOs type. The SiPS-
N(CH3)3NOs was then exchanged with ReO4™ anions. SiPS-N(CH3)3NO3 and the ReO4-loaded
control were both washed with copious water in the columns and finally prepared into KBr

pellets with Si0; and SiPS-N(CH3)3Cl for FT-IR characterization (Fig. S).

SiPS-N(CH3)3Cl exhibited almost the same characteristic peaks as SiO2 even though they
were different materials. Considering that the organic percent of SiPS-N(CH3);Cl was only

24.6%, and SiO; had strong and wide characteristic peaks, the chemical information from the
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organic components may be shielded. Moreover, the organic component was impregnated
inside the SiO2 and may be also responsible for such results. Similar phenomena were
observed previously [25]. However, the characteristic peak of NOs™ appeared at 1386 cm ™! in
the FT-IR spectrum of SiPS-N(CH3)3:NO3[39-41]. After the ReO4™ exchange, the characteristic
peak of NO;™ disappeared and the characteristic peak of ReOs” was observed at 916 cm™!
[42-44]. These results demonstrated that the prepared SiPS-N(CH3)3Cl resin had the same

anion exchange ability as traditional anion exchange resins.

—Sio,

SiPS-N(CH,),Cl

SiPS-N(CH,),NO,

SiPS—N(CH“)gNO} exchanged with ReOf4
1 1 1 1 1

Transmittance(%)

4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm™)

Fig. 5 The FT-IR spectrum of different samples.

SEM-EDS was used to examine the surface morphologies and the cross section of
SiPS-N(CH3):Cl. Fig. 6(a) and Fig. 6(b) show that SiPS-N(CH3)3Cl exhibited a uniform
shape and smooth surface morphologies. The particle sizes were estimated to be in the range
of 75-150 um, which is consistent with SiO,. The magnified surface in Fig. 6(c) appears
rugged and rich in mesopores. To determine whether the Si0O, framework was successfully
implanted into the organic resin, EDS scans were completed towards the cross section of

SiPS-N(CH3):Cl loaded with ReOys". Fig. 6(d) shows that the adsorbed ReOs was uniformly
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distributed in the SiO» cross section; nitrogen was also detected. These results imply that the
SiO; framework had been implanted into the organic resin by an in situ solution
polymerization method. In addition, diffusion from the solution to the inner pores was also
observed, indicating the relation of particle size to diffusion distance. A small particle size

likely leads to a short diffusion distance and thus improved adsorption kinetics.
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Fig. 6 Surface morphologies and EDS scanning towards the cross section of SiPS-N(CH3);Cl.

3.2 Apparent volume and swelling rate

Organic resins are usually grafted with hydrophilic functional groups. They readily
adsorb water and swell. High water swelling usually contributes to poor mechanical
properties and high column pressure drops [24, 37], which hampers chromatographic
performance. In addition, the swelling rate often changes with salt concentration and type,
thus making the resin volume inconstant. Therefore, the water swelling rate was estimated by
the measurement of apparent volume in a dry and wet state. Fig. 7 shows that
SiPS-N(CH3)3Cl1 exhibited almost the same apparent volume in the dry and wet state,
suggesting that the water swelling rate was close to 0. The excellent anti-swelling property
shows great promise in the chromatographic columns. In comparison, the apparent volume
increased greatly from the dry state to the wet state for other resins such as D201, IRA900,
and 732, indicating the large water swelling rate. Thus, we conclude that the implantation of

the silica framework could effectively confine the water swelling of traditional organic resins.
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Fig. 7 Apparent volume of dry and wet resins.
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3.3 Batch experiments

The lead speciation in different concentrations of hydrochloric acid was calculated by
PHREEQC software to better understand the lead adsorption behavior of SiPS-N(CH3);Cl. As
shown in Fig. 8(a), the main lead species in hydrochloric acid included PbCl*, Pb**, PbCls,
PbCls*, and PbCls. With increasing HCI concentration, the proportion of electropositive
PbCl" and Pb** gradually decreased while the PbCls™ increased. For PbCls>, the percent first
increased and then decreased. At 1 M HCI, the proportion of lead species could be ordered as
follows: PbCI" (41.3%)> PbCl, (24.9%)> PbCls™ (19.1%)> PbCls* (11.2)> Pb**(3.5), and the

electronegative lead-chloride complexes merely occupied 30.3% of the total lead.

Fig. 8(b) investigated the adsorption behavior of SiPS-N(CH3);Cl towards lead in
different concentrations of HCl. The optimum concentration of HCl was 1.0 M for the
adsorption of lead. A lower or higher HCl concentration would decrease the adsorption
efficiency. The thermodynamic calculation suggested that the electronegative lead-chloride
complexes occupied 30.3% of the total lead in 1 M HCI, but the maximum adsorption
efficiency was lower than 20%. This indicated that competitive adsorption occurred between
the electronegative lead-chloride complexes and the chloride anions. Therefore, the increased
proportion of electronegative lead-chloride complexes dominated the adsorption mechanism

at lower concentrations while the competitive adsorption dominated at higher concentrations.

The separation of lead usually requires high concentrations of FeCl; due to the
coprecipitation with lead cations. Therefore, the effect of FeCl; on the adsorption efficiency

of lead was studied in 1 M HCI. Fig. 8(c) shows that the increasing concentration of FeCls
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had minor effects on the adsorption efficiency of lead; this declined less than 3% even though
the concentration of FeCls; approached 200 mM. The competitive adsorption with the chloride
anion and the ferric-chloride complex anion may be responsible for the 3% decline in
adsorption efficiency. In addition, this experiment indicated that SiPS-N(CH3);Cl has a
relatively higher affinity to the lead-chloride complex anion than the ferric-chloride complex
anion and the chloride anion because the lead concentration was much lower than the ferric

and chloride ion.

Fig. 8(d) illustrates the adsorption isotherm of lead in 1 M HCI solution. The adsorption
efficiency rose gradually with the increase of initial lead concentration. Apparently, the loaded
lead-chloride complex anions improved the adsorption performance (increased adsorption
efficiency), indicating the occurrence of the synergistic adsorption mechanism. This kind of
adsorption isotherm could be classified into “S” type [45], which could not be fitted with the
frequently-used Langmuir and Freundlich equations. The “S” type adsorption isotherm
revealed that the adsorption of lead-chloride complex anion faced an intense competition by
the chloride anion for the active sites, which was also supported by Fig. 8(b) and Fig. 8(c).

The maximum adsorption amount towards lead exceeded 13 mg/g.

The adsorption kinetics were investigated in Fig. 8(e) and Fig. 8(f). As seen in Fig. 8(e),
the adsorption requires 30 min to achieve the equilibrium state at a concentration of 500 mg
(Pb*")/L. The equilibrium time shortens to 3 min at a higher concentration of 1000 mg (Pb)/L.
These results suggested that the SiPS-N(CH3)3Cl had superior adsorption kinetics towards

lead in HCI solution, and confirmed the formation of the synergistic adsorption, which
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reduced the equilibrium time at a higher concentration of lead. The pseudo first-order kinetic
model and the pseudo second-order kinetic model were employed to fit the experimental data.
The R square values and the fitting results of PSO were found to be better than that of PFO,
implying that the adsorption activities were controlled by chemical reactions. The parameters

obtained are listed in Table 3.
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Fig.8 Lead species distribution (a) and the effects of HCI concentration (b), FeCls
concentration (c), initial lead concentration (d), and the contacting time (e, f) on the
adsorption lead adsorption performance of SiPS-N(CHj3)3Cl. Experimental conditions: (b) t =
1 h, [Pb*"] =500 mg/L; (c) t =1 h, [Pb*"] = 500 mg/L, [HCI] = 1.0 M; (d) t = 1 h, [HCI] = 1.0

M; (e) and (f) [HCI] = 1.0 M.
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Table 3. The parameters obtained by fitting PFO and PSO.

Pb** PFO PSO

Concentration Oe (o) (/) 2
(mg/L) O.(ng/e) ki(min)  R*  Olugle) ke (ugglmin) X
500 5.987 5.812 0.1950 0.9696  5.891 0.1044 0.9935
1000 15.85 17.01 2.0324 0.9711 16.49 —0.06436 0.9882

3.4 Column experiments for the establishment of the separation process

Static adsorption efficiency of SiPS-N(CHj3)3Cl towards lead was approximately 18% in 1
M HCI solution, and thus column separation was the exclusive method to realize the
quantitative recovery of lead, because the dynamic adsorption in columns could be regarded
as the combination of numerous static adsorption processes. The breakthrough curve in 1 M
HCl was first studied. As shown in Fig. 9(a), lead was effectively immobilized by
SiPS-N(CH3)3Cl when the volume of effluent was less than 30 mL. After that, the
concentration of lead climbed gradually and then approached the feeding concentration.
Considering that the adsorbed lead-chloride anions improve the adsorption performance of
SiPS-N(CH3);Cl, a higher concentration may lead to a better result, i.e., more lead is adsorbed.
However, the volume of influent was still controlled within 25 mL for the recovery of lead,

which also coincided with the real situation.

Fig. 9(b) shows the elution results of 1 M HCI solution to the lead-loaded columns. A

small amount of lead was eluted from the HCI, and more HCI1 will contribute to the desorption
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of lead, due to the intense competition between chloride anions and lead-chloride complex
anions. To obtain a high recovery rate, the volume of HCI used for the elusion should be

controlled within 10 mL.

Fig. 9(c) details the effect of flow speed on the lead recovery. The flow speed had minor
effects on the lead recovery rate. Flow speeds of 1.0 mL/min and 2.0 mL/min led to consistent
adsorption/desorption curves. A higher rate of 4.0 mL/min showed the similar adsorption
curves, but the concentration distribution of lead became more dispersive. However, lead was
concentrated within 15 mL of effluent from the volume point of 30 to 45 mL regardless of the
difference in flow speed. 2.0 mL/min was finally selected as the optimum flow speed for the

experiments to protect the soft tubes.

The mixed solution containing 90 mM of FeCls; was also allowed to flow through the
regenerated and pretreated column. The results are shown in Fig. 9(d) and confirmed that lead
in the mixed solution was still effectively immobilized by the column even though it
co-existed with high concentration of FeCls. In addition, the change in solution color
suggested that the collected solution (the last four tubes) had few ferric cations, indicating that
lead could be separated from other cations by this method and material under real conditions.
Table S2 lists the chemical yield of lead obtained in Fig. 9(c) and Fig. 9(d). Generally, the
flow speed and the co-existence of FeCls had minor effects on the chemical yield of lead in 1
M HCI solution, because the chemical yields of lead all exceeded 95% under different

conditions.
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comparison, Table 4 lists the technological parameters for the different recovery processes.
The parameters of this work were superior to those reported by others [19, 21, 46]. The
separation time could be controlled within 30 minutes while those of others were much

longer.

Table 4 Comparison of technological parameters among different recovery processes.

Ref. Resin type Column dimension  Vifeeding (ML)  Vuai (mL)  Vuew(mL) v (mL/min)
[19] 201x7 13mmx25 cm 50 10~20 40 0.5%/0.14
[46] BIO-RAG-AG 1-X4 13mmx25 cm 24 35 50 0.5%0.5¢
[21] 201x7 Not mentioned 14-17 140 80 0.1%/0.14
This work SiPS-N(CHz)3Cl 5 mm x 30 cm 14-25 10 15 2.0%/2.0¢

2 denotes the flow speed for adsorption; d denotes the flow speed for washing and desorption; V denotes the volume; v

represents flow speed.

The process was finally tested by the Radiation-Environment Management and
Monitoring Station of Guangxi Zhuang Automatic Region with real environmental water
samples. The results were shown in Table S and compared with those obtained by 201x7
using the common process. Here, two environmental water samples A and B were collected
near a uranium mining site in Guangxi Province and duplicated twice. It was found that the
chemical yield of lead for the two water samples all exceeded 95% for 201x7 and
SiPS-N(CH3)3Cl. The radioactivity concentrations obtained by SiPS-N(CH3)3Cl were 5.65
and 25.4 mBq/L for samples A and B, respectively, which were close to those obtained by

201x7 based on the industrial standard. These demonstrates that the developed
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silica-supported anion exchange resin and the matched process could be used to determine

210pb in environmental samples.

Table 5 The radioactivity concentration of 2!°Pb in different water samples collected in

Guangxi province.

) Lead Measured radioactivity
Collecting  Sample Added lead Chemical Separation
. . recovered . concentration of 2!°Pb Resin used
Location type carrier (mg) yield (%) process
(mg) (mBq/L)
. Lake Industrial
A T 9.750 10.430 107 5.8 201x7
water standard
. Waste Industrial
B &N 9.750 10.140 101 27.7 201x7
water standard
. Lake )
A JHE R 9.750 9.848 104 5.65 SiPS-N(CH3);Cl  This work
water
. Waste .
B EHEO 9.750 9.653 99 254 SiPS-N(CH3)3Cl  This work
water

4. Conclusion

This work developed a novel silica-supported anion exchange resin with superior

exchange kinetics and the same chemical performance as traditional anion exchange resin.

Compared to typical anion exchange resins, such as D201 and IRA900, the SiPS-N(CH3);Cl

had smaller particle sizes (75—150 um), a much lower water swelling rate (0%), and a larger

specific surface area (59.03 m*/g). The maximum anion exchange capacity resulted from

quaternary amine groups was determined to be 1.0 mmol (CI')/g.

Batch results suggested that lead adsorption by SiPS-N(CH3)3Cl faced strong competition

from the chloride anion, leading to low adsorption efficiencies (< 18%) in the HCI solution

even at the optimum concentration (1.0 M). The concentration of lead was found related to the
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equilibrium time due to the occurrence of synergistic adsorption indicated by the “S” type
adsorption isotherm. The equilibration time required for 500 mg (Pb**)/L and 1000 mg
(Pb*")/L was about 30 min and 3 min, respectively. The concentration of co-existing FeCl;
had little effect on the adsorption efficiency of lead, which declined less than 3%, with the
FeCl; concentration reaching to 200 mM. The adsorption isotherm of SiPS-N(CHj3);Cl
suggested that the adsorption efficiency increased gradually with increasing lead equilibrium
concentration. This is different from the commonly-observed adsorption isotherms and
indicated the occurrence of synergistic adsorption as well as the multilayer adsorption

mechanism.

The column results suggested that the feeding volume of lead solution and HCI solution
(for eluting the residual ions) should be strictly controlled due to the important effect on the
chemical yield of lead, and the lead recovery could be performed at a speed of 4.0 mL/min
regardless of the co-existing high concentrations of FeCls. Based on these results, a separation
process integrating this novel material and the matched parameters was developed and tested
with actual environmental water samples. The results showed that SiPS-N(CH3)3Cl could
quickly separate the lead from the mixed solution derived from environmental water samples
with chemical yields exceeding 95%; the time was controlled to within 30 minutes.
Furthermore, the radioactivity concentrations obtained by this separation process were quite

close to those obtained by 201x7 using the common separation process.

In conclusion, SiPS-N(CHj3)3Cl is an excellent alternative to traditional anion exchange

resins. This material and protocol show promise and significance in the determination of >!°Pb

29



in environmental samples.
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Caption of Figures

Fig. 1 The separation and purification flowsheet of 2!°Pb.
Fig. 2 The chemical reaction path for the synthesis of SiPS-N(CH3);Cl.
Fig. 3 The TG-DSC curves of SiPS, SiPVBC, SiPS-N(CH3)3Cl, and D201.

Fig. 4 Nitrogen adsorption and desorption isotherms (a) and the pore diameter distribution (b)

of SiPS-N(CH3):Cl.

Fig. 5 The FT-IR spectrum of different samples.

Fig. 6 Surface morphologies and EDS scanning towards the cross section of SiPS-N(CH3);Cl.
Fig. 7 Apparent volume of dry and wet resins.

Fig.8 Lead species distribution (a) and the effects of HCI concentration (b), FeCls
concentration (c), initial lead concentration (d), and the contacting time (e, f) on the
adsorption lead adsorption performance of SiPS-N(CHj3)3Cl. Experimental conditions: (b) t =
1 h, [Pb*"] =500 mg/L; (c) t =1 h, [Pb*>"] = 500 mg/L, [HCI] = 1.0 M; (d) t =1 h, [HCI] = 1.0
M; (e) and (f) [HCI] = 1.0 M.

Fig.9 (a) The breakthrough curve of lead in 1.0 M HCI; (b) Effect of HCI1 (1.0 M) volume on
the lead concentration in the effluent; (c) Effect of flow speed on the chemical yield of lead;
(d) effect of FeCls on the chemical yield of lead. Experimental conditions: m(resin) = 3.3579

g, column ¢ x & =5 mm %30 cm; Flow speed (a) = 2.0 mL/min, Flow speed (b) = 1.0 mL/min.
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