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ABSTRACT: Magnetic poly(glycidyl methacrylate) (m-PGMA) was synthesized and characterized, and its efficiency in removing natu-

ral organic matter (NOM) and carbamazepine (CBZ) from synthetic water was studied. The effects of factors such as time and m-

PGMA dosage on NOM removal were investigated. Furthermore, magnetic ion exchange resin (MIEX
VR

) was used for comparison

with m-PGMA in CBZ removal. m-PGMA was found to have a strong magnetic character whose specific saturation magnetization

and mass fraction of magnetite were 10.79 emu g�1 and 6.166 wt %, respectively, thus providing additional utility for m-PGMA in

slurry form in completely mixed continuous-flow reactors. Lab-scale studies showed that the removal rate rose rapidly with time and

reached a pseudo-equilibrium after 30 min. In addition, the highest doses of m-PGMA achieved the highest removal efficiency. After

30 min of contact with 5, 10, and 15 mL L�1 of m-PGMA, the removal rates, based on UV absorbance measurements at 254 nm

(UV254), were 56%, 67%, and 79%, respectively, whereas the removal rates of dissolved organic carbon (DOC) were 53%, 60%, and

72%, respectively. Additionally, the scale ultraviolet absorbance values (SUVA) decreased during a 30 min contact time, thereby sug-

gesting that the NOM removed by m-PGMA had greater aromatic character. In multiple-loading tests, UV254 removal gradually

decreased and achieved 18.39% at 1600 bed volume; it was kept constant at this level. Compared to MIEX
VR

, m-PGMA had a higher

CBZ removal rate (27.8% and 34.7% for 20 mL L�1 and 25 mL L�1 of m-PGMA, corresponding to the removal of 200 lg L�1 CBZ).

The resulting higher removal rate of CBZ contributed to stronger adsorption, a higher specific surface area, and larger pore volume.
VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 106–112, 2013

KEYWORDS: magnetism and magnetic properties; resins; applications

Received 22 October 2012; accepted 3 February 2013; published online 8 March 2013
DOI: 10.1002/app.39117

INTRODUCTION

Natural organic matter (NOM) is ubiquitously present in drinking

water sources and plays an important role in drinking water treat-

ment processes.1–3 NOM is known to increase the demand for disin-

fectants and coagulants,4 to generate potentially harmful disinfection

byproducts5 and foul membranes,6 and to facilitate bacterial repro-

duction during drinking water distribution.7 Therefore, different

methods have been employed to remove NOM from source water,

such as enhanced coagulation,8 membrane separation,9 and chemical

oxidation. Unfortunately, these methods pose different challenges. For

example, coagulation removed 60% of the dissolved organic carbon

(DOC) associated with the 1–10,000 fraction but had little impact on

the DOC concentration of the <1000 fraction.10 NOM removal rates

by ultrafiltration (UF) membranes typically only range from 10% to

50%.11,12 Chemical oxidation for the complete mineralization of

NOM is usually expensive. Moreover, all of these methods consume

energy (radiation, ozone, etc.) and chemical reagents (e.g., catalysts

and oxidizers), the amounts of which increase with treatment time.13

In recent years, an anion exchange resin (AER) has been eval-

uated for its efficiency at removing NOM.7,14,15 Magnetic ion

exchange resin (MIEX
VR

), which was developed as a new version

of AER, has three main characteristics. First, the magnetic com-

ponent added to MIEX
VR

can achieve effective solid–liquid separa-

tion.10 Thus, MIEX
VR

was designed for use in slurry form in

completely mixed continuous-flow reactors.15 Second, MIEX
VR

has

rapid exchange kinetics, because it is two to five times smaller

than conventional AER, thus providing a greater external surface

area (SA).6 Finally, MIEX
VR

is an alternative pretreatment method

for coagulation, membrane separation, and active carbon adsorp-

tion due to its high and rapid removal rate of NOM. For

instance, MIEX
VR

removed approximately 80% of the DOC asso-

ciated with the 1–10,000 ultrafiltration fraction and almost 60%

of the DOC associated with the <1000 ultrafiltration fraction, of

which hardly any was removed by coagulation.10,16 When used as

a pretreatment process for microfiltration, MIEX
VR

removed a sig-

nificant amount of organic matter in raw water, thus reducing

Additional Supporting Information may be found in the online version of this article.
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membrane fouling.17 Moreover, a combination of MIEX
VR

and

powered activated carbon lowered the competitive adsorption

between NOM and trace organic compounds.7,18

Pharmaceutical residues have been reported to be present in

wastewater treatment plants, ground water, rivers, and reservoirs

at concentrations up to the lg L�1 level.19,20 Likewise, both

pharmaceutical residues and personal care products (PPCPs)

have been detected in the Yellow River and in the Pearl River

basin, with concentrations ranging from ng L�1 to lg L�1.21

However, MIEX
VR

exhibited a poor removal rate for electrically

neutral trace organic matter such as atrazine, which is represen-

tative of PPCPs,22 because ion exchange is ineffective at remov-

ing neutral trace organic matter. Adsorption was shown to be a

preferable method for removing pharmaceutical residues,

because it does not produce undesirable byproducts and is easy

to run.23 Consequently, the development of a magnetic, strong

AER with a well-developed pore structure and a high specific

SA, which would not only remove NOM but also remove elec-

trically neutral PPCPs, has research significance.

In this article, we focused on preparing and characterizing a

magnetic poly(glycidyl methacrylate) (m-PGMA) bead that can

be used in slurry form due to its magnetic core. The diameter

of the m-PGMA beads was approximately 100–200 lm, thus

providing a greater external SA. Moreover, a mixed porogen was

added during synthesis of m-PGMA to obtain a well-developed

pore structure and a high specific SA. The ability of m-PGMA

to remove NOM and carbamazepine (CBZ), one of the most

frequently detected pharmaceutical residues in aquatic environ-

ments, was evaluated by conducting lab-scale experiments.24,25

EXPERIMENTAL

Materials

Magnetite (Fe3O4) particles were submicron-sized. Oleic acid

(CANSPEC, Shanghai, China) was used to modify the surface of

the as-received magnetite. Glycidyl methacrylate (GMA; CAN-

SPEC, Shanghai, China) was used as a basic monomer after filtra-

tion using an inhibitor remover. Divinylbenzene (DVB; CAN-

SPEC, Shanghai, China) was used after the removal of inhibitors.

Azobisisobutyronitrile (AIBN; CANSPEC, Shanghai, China) was

used as a radical initiator for the reaction. Polyethylene Glycol

6000 (PEG; CANSPEC, Shanghai, China) was used as a dispersing

agent. Methylbenzene (CANSPEC, Shanghai, China), cyclohexa-

none (CANSPEC, Shanghai, China), and atoleine (CANSPEC,

Shanghai, China) were used as porogens. Trimethylammonium

chloride (CANSPEC, Shanghai, China) was used in a quaterniza-

tion reaction. Absolute ethyl alcohol, methylcellulose solution with

a mass concentration of 0.1%, and NaCl solution with a mass con-

centration of 5% were used. Two synthetic water samples, (a) and

(b), were prepared: (a) with NOM (CANSPEC, Shanghai, China)

for which the UV254 and DOC were approximately 0.378 abs and

3 mg L�1, respectively, and (b) with CBZ (CANSPEC, Shanghai,

China) at a concentration close to 200 lg L�1.

Preparation of m-PGMA

Grafting of Oleic Acid onto the Surface of Magnetite. Magnetite

(32.22 g) was soaked with oleic acid (3 g) in absolute ethyl

alcohol (100 mL), and the solution was rapidly stirred at 50�C

for 5 h. Precipitated magnetite was immobilized with a perma-

nent magnet, and the aqueous supernatant was decanted and

discarded. The oleic-acid-grafted magnetite was then dried at

40�C. The dried oleic-acid-grafted magnetite was mixed with

Polyethylene Glycol 6000 (50 g) in distillate water (100 mL),

and the solution was ultrasonically processed for 1 h. The final

product was a suspension of oleic-acid-grafted magnetite–Poly-

ethylene Glycol.

Suspension Polymerization. The oleic-acid-grafted magnetite–

Polyethylene Glycol suspension, distillate water (60 mL), and

absolute ethyl alcohol (40 mL) were mixed and decanted into a

three-necked flask that was equipped with a stirrer and a Gra-

ham condenser. The mixture was rapidly stirred at 65�C for 10

min. Then, GMA (50 mL), DVB (25.35 g), AIBN (6 g), 5%

NaCl solution (25 mL), 0.01% methylcellulose (MC) solution

(25 mL), methylbenzene (27.4 g), cyclohexanone (4.8 g), and

atoleine (8.1 g) were mixed and carefully added to the three-

necked flask with continuous stirring. To obtain magnetic poly-

mer microspheres, suspension polymerization was performed at

75�C for 1.5 h and then at 80�C for 0.5 h. After the suspension

polymerization was complete, the product was washed with

excess tepid distillate water and extracted with a Soxhlet extrac-

tor with methyl alcohol for 12 h to remove remaining porogens

and the nonencapsulated magnetite. The product was dried at

40�C, and the final product was sieved consecutively through

200-lm and 100-lm strainers.

Quaternization with Trimethylammonium Chloride for

m-PGMA. Dried magnetic polymer microspheres mixed with

50% trimethylammonium chloride solution (mmagnetic polymer

microspheres : mtrimethylammonium chloride ¼ 1 : 2.5) were decanted

into a three-necked flask. The solution was stirred at 80�C for

10 h. The final product was first washed with excess 1 M HCl

solution and then washed with excess distillate water until the

supernatant was pH 7. The chemical equations for synthesizing

m-PGMA and the segment unit model of m-PGMA are

provided in Figure 1.

Evaluating Removal Rate to NOM and CBZ of m-PGMA

Kinetic Tests. In the kinetic tests, glass beakers were filled with

1 L of unfiltered synthetic water (a), placed on the jar tester,

dosed with m-PGMA, and mixed at 200 rpm for 120 min at a

solution temperature of 20 6 2�C. Samples were withdrawn

from the beakers at predetermined time intervals (10, 20, 30,

40, 50, 60, 80, 100, and 120 min) and filtered through polyether

sulfone filter papers (0.45 lm) for further DOC and UV254 ab-

sorbance measurements. All measurements were conducted ei-

ther in duplicate or in triplicate, and the jar tests were con-

ducted in parallel. The tested doses of m-PGMA in separate

beakers were 5, 10, and 15 mL of settled resin for synthetic

water (a).

Multiple-Loading Jar Tests. In the multiple-loading jar tests,

the beaker was initially filled with 1 L of unfiltered synthetic

water (a) dosed with 10 mL L�1 of m-PGMA and then mixed

at 200 rpm at 20 6 2�C for 30 min. This first step represented

a loading of 100 bed volume (BV), comparable to a treated

water volume 100 times that of the m-PGMA dosed water. After

30 min of mixing and 3 min of settling, samples were taken
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from the supernatant and filtered prior to the DOC and UV254

absorbance measurements. The remaining unfiltered superna-

tant was carefully decanted, leaving a settled m-PGMA volume

of approximately 10 mL in the beaker. For the second and all

subsequent loading steps, the beaker containing settled m-

PGMA was again filled with 1 L of synthetic water (a) and

stirred for 30 min at 200 rpm. The same scheme was employed

until a loading of 2700 BV was achieved. The series was per-

formed in one step without interruptions. Samples were with-

drawn from the beakers and filtered with polyether sulfone filter

papers (0.45 lm) prior to further UV254 absorbance

measurements.26

Comparing Removal Rate to CBZ of m-PGMA and MIEX
VR

The glass beakers were filled with 1 L of unfiltered synthetic

water (b) and placed on the jar tester. m-PGMA and MIEX
VR

were added at concentrations of 20 mL L�1 and 25 mL L�1,

respectively, and then mixed at 200 rpm for 30 min and allowed

to settle for 3 min at a solution temperature of 20 6 2�C. Sam-

ples were taken from the supernatant and filtered prior to CBZ

residue analysis.

Characterization

The surface functional groups of oleic-acid-grafted magnetite

and m-PGMA were confirmed through diffuse-reflectance Fou-

rier Transform infrared spectroscopy (FTIR) (IRAffinity-1). The

powder samples were ground with KBr and compressed into a

pellet whose spectra were recorded. The size distributions of

oleic-acid-ungrafted and oleic-acid-grafted magnetite were

determined by a nanometer laser particle size analyzer (Zetasizer

Nano S90). The magnetite was dispersed in absolute ethyl alco-

hol and measured in a quartz cuvette. The magnetic substance

content of m-PGMA was measured by thermogravimetric analy-

sis (TGA; Netzsch TG). The sample was centrifuged to remove

surface water, and then the sample was heated from room tem-

perature to 600�C at a rate of 5�C min�1. Meanwhile, weight

loss as a function of increasing temperature was recorded to

construct a thermogravimetric curve. The magnetic properties

of m-PGMA were determined with a vibrating sample magne-

tometer (Lakeshore 7300) for the powders at room temperature.

Nitrogen adsorption analysis was carried out using a Belsorp-

mini apparatus at �196�C. Samples were degassed overnight at

200�C under nitrogen flow prior to the measurements. The spe-

cific SA was calculated using the Brunauer–Emmett–Teller

(BET) method, with a P/P0 range between 0.0 and 0.5. The

pore volume (PV) was calculated from the adsorption isotherm

at a relative pressure of 0.99, and the average pore diameter

(APD) was determined from either the adsorption branch or

the desorption branch of the isotherm hysteresis using the Bar-

rett–Joyner–Halenda method. The base anion exchange capacity

of m-PGMA was measured using the method recommended by

the Orica
VR

Company.

The UV254 absorbance (in triplicate) of the water samples was

measured by a UV–visible spectrophotometer (UV-1601, Shi-

madzu). DOC analysis was performed with a total organic car-

bon (TOC) analyzer (TOC-5000A, Shimadzu) using a high tem-

perature combustion method. The minimum detection limit of

the DOC analyzer was 0.1 mg L�1. The CBZ content was deter-

mined by high-performance liquid chromatography (SHI-

MADZU LC-20AT).

RESULTS AND DISCUSSION

Characterization of m-PGMA

FTIR Spectra of the Magnetite and m-PGMA. A comparison

of the FTIR spectra of pure magnetite (a), oleic-acid-coated

magnetite (b), and m-PGMA (c) is shown in Figure 2. In Figure

2(a), the characteristic absorption bands of the Fe–O bond

Figure 1. The chemical equations for synthesizing m-PGMA and the segment unit model of m-PGMA.
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appear at approximately 635 cm�1 and 578 cm�1, because the

size of the magnetite particles decreased to nanoparticles.27,28

The sizes of the oleic-acid-ungrafted and oleic-acid-grafted mag-

netite are presented in Figure S1 (Supporting Information). In

curve (b), two sharp bands at 2922 cm�1 and 2855 cm�1 are

attributed to the stretching of asymmetric and symmetric CH2

moieties, respectively. Moreover, two new bands appear at 1541

cm�1 and 1639 cm�1 that are characteristic of the asymmetric

mas(COO–) and the symmetric ms(COO–) stretching.29 A strong

absorption at 1050 cm�1 resulted from C–O single bond

stretching.27 The existence of a carboxyl peak indicated that

oleic acid was indeed adsorbed to the magnetite. In curve (b),

the characteristic absorption peak of a benzene ring was found

at 1630 cm�1, thus confirming that DVB was involved in the

reaction. The ester carbonyl was identified with a strong stretch-

ing band at 1718 cm�1, whereas the –OH of water adsorbed to

m-PGMA resulted in a broad stretching band near 3500–3300

cm�1. Furthermore, medium stretching bands at 1020 cm�1

and 1080 cm�1 were attributed to quaternary ammonium moi-

eties in m-PGMA.30 The existence of quaternary ammonium

groups demonstrated that m-PGMA is a type of AER.

TGA of m-PGMA. The amount of containment for magnetite

in the m-PGMA was evaluated by TGA. m-PGMA completely

decomposed above 600�C but left a residual mass of approxi-

mately 6.168 wt %, which was equal to the mass of the mag-

netic part [Figure 3(b)]. However, as shown in Figure 3(a),

PGMA without magnetite was completely decomposed at 600�C
and left almost 0 wt % residual mass. All of the monomer and

active groups disintegrated completely at 600�C except for the

magnetic part, because ferroferric oxide is more likely to oxidize

(thus forming iron sesquioxide) than to disintegrate.

Magnetization of m-PGMA. Figure S2 shows that the specific

saturation magnetization of m-PGMA was approximately 10.79

emu g�1 at room temperature, whereas the coercivity and rema-

nence of m-PGMA were negligible. Moreover, m-PGMA is

highly sensitive to an external magnetic field and can easily be

magnetized and demagnetized.

Specific SA and Pore Structure Characteristic of m-PGMA

and MIEX
VR

. Table I, Figure S3, and Figure S4 display the pore

size distribution, pore structure characteristics, and specific SA

of both m-PGMA and MIEX
VR

. As seen in Table I, the specific

SA, total PV, and APD of m-PGMA are 40.026 m2 g�1, 0.1852

cm3 g�1, and 18.509 nm, whereas the values for MIEX
VR

are

4.341 m2 g�1, 0.018408 cm3 g�1, and 16.962 nm, respectively.

As shown in Figures S2 and S3, the pore size distribution of m-

PGMA is narrow and centered around 10 nm, whereas MIEX
VR

has a wider pore size distribution. The higher specific SA of m-

PGMA occurred due to the addition of a mixed porogen con-

sisting of a good solvent and a poor solvent. A cross-linked co-

polymer was dissolved and inflated in the good solvent (methyl-

benzene), whereas atoleine and cyclohexane, used as poor

solvents, were insoluble in the interior of the resin, thus pro-

ducing phase separation followed by the creation of pores from

subsequent fluid flow.

From the above characterization of m-PGMA, we can draw sev-

eral conclusions as follows. First, chloride ions in the segment

unit model of m-PGMA can exchange with negatively charged

NOM. Moreover, the TGA results and the specific saturation

magnetization of m-PGMA show that m-PGMA can be magnet-

ically separated in water. Finally, m-PGMA, which is similar to

MIEX
VR

, is a small bead measuring approximately 100–200 lm
in diameter. Therefore, m-PGMA can be used in slurry form in

completely mixed continuous-flow reactors. Moreover, m-

PGMA has a rapid solid–liquid separation rate, and following

reaction, m-PGMA can rapidly isolate itself from water to

regenerate.

Figure 2. FTIR spectra of (a) pure magnetite, (b) magnetite coated with

oleic acid (OA), and (c) m-PGMA.

Figure 3. The weight loss as function of temperature for (a) PGMA and

(b) m-PGMA.

Table I. Pore Construction Characteristic and Specific SA of m-PGMA

and MIEX
VR

as,BET
(m2 g�1)

Total PV (P/P0 ¼
0.990; cm3 g�1) APD (nm)

m-PGMA 40.026 0.1852 18.509

MIEXVR 4.341 0.018408 16.962
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Removal Rate of NOM and Trace Organic Matter by

m-PGMA

Removal Rate of NOM by m-PGMA. Kinetic tests. The

kinetics of DOC and UV254 removal treated with different resin

doses of m-PGMA for synthetic water (a) are plotted in Figures

4 and 5. The results indicated that the majority of removal for

both the UV254 and DOC methods occurred in the first 20–30

min of mixing, and they reached a maximum (pseudo-equilib-

rium) after 30 min of contact time. Additional results indicated

that higher m-PGMA doses generally resulted in greater UV254

and DOC removal after 120 min of contact time. Consequently,

the UV254 absorbance reduction increased to 56%, 67%, and

79% for 5, 10, and 15 mL of settled resin L�1, respectively, and

the DOC reduction increased to 53%, 60%, and 72% for 5, 10,

and 15 mL of settled resin L�1, respectively. We believe that dis-

solved organic matter (DOM) that is part of NOM is rich in

carboxylic acid functional groups, which gives DOM a net nega-

tive charge over the pH range of natural water and allows DOM

to take part in anion exchange reactions.31,32 Moreover, similar

to MIEX
VR

, m-PGMA is composed of small beads and can be

used in suspension in a completely mixed flow reactor. The

increased SA of m-PGMA causes turbulence around the resin

and decreases resistance to liquid-phase mass transfer.6,14 There-

fore, m-PGMA has a faster removal rate for NOM compared

with traditional ion exchange resins.

The scale ultraviolet absorbance (SUVA) for synthetic water (a)

prepared in lab, as a function of contact time with m-PGMA

(15 mL L�1), is shown in Figure 6. SUVA is the ratio of UV254

to DOC multiplied by 100, and it tends to be strongly corre-

lated with the aromatic carbon content of NOM in water.17 In

summary, water with high SUVA is characterized by hydropho-

bic NOM and low ionic strength, whereas water with low SUVA

has hydrophilic NOM.15 As shown in Figure 6, SUVA values

were reduced by more than 50% with m-PGMA after a pseudo-

equilibrium resulted in the preferential removal of NOM with a

higher aromatic character. In accordance with previous work,

aromatic moieties were found to be preferentially removed by

AERs.7,22 m-PGMA is a type of AER. In addition, we tentatively

hypothesize that m-PGMA and MIEX
VR

possess similar polya-

crylic backbones that have affinity for aromatic fractions.

Multiple-loading tests. The aim of the multiple-loading tests

was to estimate the performance of a continuously operated m-

PGMA process using the same resin multiple times without

regeneration. UV254 absorbance removals in multiple-loading jar

tests for synthetic water (a) are illustrated in Figure 7. At 100

BV loading, UV254 removal reached 86%. Afterward, UV254

Figure 4. The impacts of m-PGMA dose and contact time on UV254 ab-

sorbance reduction in kinetic tests of synthetic water (a).

Figure 5. The impacts of m-PGMA dose and contact time on DOC

reduction in kinetic tests of synthetic water (a).

Figure 6. Residual SUVA of synthetic water (a) treated by m-PGMA

(resin dose: 15 mL L�1).
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removal gradually decreased and reached 18.39% at 1600 BV, af-

ter which UV254 removal was constant. The strong base anion

exchange capacity of m-PGMA is 2.36 mmol g�1, which is simi-

lar to the value of MIEX
VR

(2.23 mmol g�1).33 Moreover, the

total PV and the specific SA of m-PGMA were determined to be

0.1852 cm3 g�1 and 40.026 m2 g�1, respectively. Therefore, mul-

tiple-loading tests allow sufficient space, exchange sites, and

time for exchanged NOM transport into the interior of m-

PGMA. The APD of m-PGMA is approximately 18.5 nm; more-

over, m-PGMA is mesoporous and plays a role in transport.

Removal Rate of m-PGMA to CBZ. The objective of the above

tests was to compare the CBZ removal efficacy of m-PGMA and

MIEX
VR

. The percent removal rates of CBZ that were determined

for the two resins are shown in Figure 8. As expected, CBZ, as a

nonionic trace organic matter, was found to be poorly removed

by MIEX
VR

. Only 6.49% and 8.3% CBZ were removed by MIEX
VR

for 20 mL L�1 and 25 mL L�1, respectively, whereas m-PGMA

exhibited a higher removal rate of CBZ: approximately 27.8%

and 34.7% for 20 mL L�1 and 25 mL L�1, respectively. It

should be noted that CBZ, as a neutral substance, cannot

undergo ion exchange by m-PGMA. Therefore, we attribute the

higher removal rate of CBZ to the higher specific SA and PV of

m-PGMA compared to MIEX
VR

. Similarly, Suriyanon33 et al. also

determined that those adsorbents with the highest specific SA

and PV and the narrowest pore size had the highest adsorption

capacity. Both m-PGMA and MIEX
VR

possess these characteris-

tics. It was also reported that hydrogen bonding and hydropho-

bic interactions are adsorption mechanisms of CBZ onto

adsorbents.33,34 Whether hydrogen bonding and hydrophobic

interactions contribute to the adsorption mechanisms of CBZ

onto m-PGMA will be discussed in our future work.

CONCLUSIONS

m-PGMA was prepared from magnetic polymer microspheres

obtained by the incorporation of oleic-acid-modified and PEG-

dispersed magnetite. Mixed porogens were added to increase

the specific SA and total PV. The magnetic polymer micro-

spheres reacted with trimethylammonium chloride to obtain

quaternary ammonium moieties.

The amount of magnetite in m-PGMA was approximately 6.168

wt %. The specific saturation magnetization of m-PGMA was

approximately 10.79 emu g�1, and the coercivity and remanence

of m-PGMA were negligible. The specific SA and the total PV of

m-PGMA were 40.026 m2 g�1 and 0.1852 cm3 g�1, respectively.

The APD was approximately 18.509 nm, with a narrow pore

size distribution.

m-PGMA exhibited fast, efficient removal of NOM due to the

well-mixed suspension and small bead size of m-PGMA. After

30 min of contact time, the UV254 absorbance reduction

increased to 56%, 67%, and 79% for 5, 10, and 15 mL of settled

resin L�1, respectively; DOC reduction increased to 53%, 60%,

and 72% for 5, 10, and 15 mL settled resin L�1, respectively. In

multiple-loading tests, the removal monitored at UV254 gradu-

ally decreased and reached 18.39% at 1600 BV, after which the

removal rate at UV254 was constant. After 30 min of contact

time, the removal rate of CBZ (200 lg L�1) was 27.8% and

34.7% for 20 mL L�1 and 25 mL L�1 of m-PGMA, respectively.

Compared to MIEX
VR

, m-PGMA has a larger specific SA and

PV, which explains why m-PGMA had a better CBZ removal

rate compared with MIEX
VR

.

A limitation of this study is that the mechanism for CBZ re-

moval by m-PGMA was not identified. In our future work, we

will investigate the mechanisms that determine the removal of

CBZ by m-PGMA.
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