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Abstract

Chlorpheniramine is a pharmaceutical pollutant and a precursor of carcinogenic nitrosamines during disinfection/oxidation. In
our previous study, graphene oxide coated with magnetite (GO-Fe;0,) was capable of removing chlorpheniramine in deionized
water by adsorption. This study investigated the removal of chlorpheniramine and its nitrosamine formation potentials (FPs) by
adsorption onto magnetic GO-Fe; 0,4, with respect to the influence by using real municipal wastewaters as the background. In the
results, the adsorption performances of chlorpheniramine in wastewaters decreased in the order: GO-Fe;0,4 suspension > GO-
Fe;0, particles > activated carbon. Chlorpheniramine adsorptions on GO-Fe; O, particles and activated carbon were reduced by
using real wastewaters as the background, whereas chlorpheniramine adsorption on GO-Fe;0, suspension was enhanced due to
the effects of surface charge on GO-Fe;0, and ionic strength variation in water. The fittings of adsorption isotherms indicated that
the wastewater background reduced the surface heterogeneity of GO-Fe;0, suspension and improved the adsorption perfor-
mance. Appreciable removal efficiencies of NDMA and other nitrosamine FPs were observed when GO-Fe;04 particles were
added in real wastewaters. However, when chlorpheniramine was present in wastewaters, chlorpheniramine adsorption and
degradation reaction simultaneously occurred on the surface of GO-Fe;0,, increasing NDMA and other nitrosamine FPs in
wastewaters after GO-Fe;0, addition for chlorpheniramine adsorption. The assumption was further demonstrated by observing
the NDMA-FP increase during chlorpheniramine adsorption on GO-Fe;04 in deionized water. GO-Fe;O, is a potential adsorbent
for chlorpheniramine removal. Nevertheless, the low treatment efficiencies at high doses limit its application for nitrosamine FP
adsorptions in real wastewaters.
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Introduction

Graphene is a flourishing material with two-dimensional crys-
talline allotrope of carbon in many scientific areas, displaying
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exceptional electrical, mechanical, semi-metal, and optical
properties (Geim and Novoselov 2007; Stankovich et al.
2006; Zhao et al. 2014). Graphene oxide (GO) is a derivative
of graphene prepared by a chemical modification that adds a
number of oxygen-containing groups on the basal planes and
sheet edges (Lee et al. 2013; Wu et al. 2015). Given its stabil-
ity in water, high specific surface areas, and modifiable func-
tional groups (Fan et al. 2013; Yang et al. 2013), the interest
grows in potential applications of GO in water purification.
Using pristine GO faces the challenge that this nano-sized
material is difficult to separate from water. One solution is to
modify GO with different metal oxides such as MnO, (Chen
etal. 2010; Fan etal. 2011) or ZnO (Chung et al. 2010; Zhang
et al. 2009), so magnetic composites are removable from the
water after treatment through a magnetic field. GO-Fe;0,4
composites draw attention due to its excellent magnetic
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properties, stability in water at neutral pH values, and adsorp-
tion performances toward organic and inorganic compounds
(Fan et al. 2013; Li et al. 2017; Wu et al. 2015).

Chlorpheniramine (CAS 132-22-9) is one commonly used
antihistamine to treat an upper respiratory infection and aller-
gic conditions in human health and small-animal veterinary
practices (Li et al. 2011). With a high solubility, rapid disso-
lution rate, and efficient permeability, chlorpheniramine oc-
curs in aquatic environments and poses adverse effects on
ecological systems and public health (Moreno et al. 2010;
Roberts et al. 2016; Xia et al. 2014). Chlorpheniramine iden-
tification in wastewater treatment plants has been widely re-
ported (Lv et al. 2015; Roberts et al. 2016). Chlorpheniramine
is also considered as one priority pharmaceuticals for future
study of human and environmental health (Boxall 2004). In
addition, chlorpheniramine is known to form N-
nitrosodimethylamine (NDMA) during disinfection/
oxidation in water treatments (Lv et al. 2015). The molar
conversion ratio of NDMA from chlorpheniramine was ap-
proximately 5.2-5.5% during chloramine disinfection (Shen
and Andrews 2011a).

With increasing concern for nitrogenous disinfection
byproducts (NDBPs), nitrosamines are a group of polar and
semi-volatile organic compounds frequently detected in drink-
ing waters and wastewaters worldwide (Chen et al. 2018;
Shah et al. 2012; Wang et al. 2016). One important source
of the emerging contaminants is municipal wastewater efflu-
ents (Mitch et al. 2005; Shah et al. 2012). During chlorination
(Chen et al. 2015), chloramination (Liu et al. 2014), ozone
(Yang et al. 2009), or catalytic reactions on the surface of
activated carbon (Padhye et al. 2011), nitrosamines are formed
from a large number of potential precursors in municipal
wastewater effluents. Nitrosamines are notorious for their po-
tent carcinogenicity. For example, NDMA and
nitrosodimethylamine are classified as a B2 (probable human)
carcinogen by the U.S. Environmental Protection Agency
(USEPA) (USEPA 2017). The International Agency for
Research on Cancer (IARC) listed NDMA and NDEA in
group 2A which are possibly carcinogenic to humans (IARC
1987).

Studies have reported that via 7t — 7t bonding and cation—7t
bonding, pharmaceutical pollutants such as tetracycline (Lin
et al. 2013) and sulfonamide (Luo et al. 2011) are efficiently
adsorbed onto the surface of GO-Fe;0,4 and removed from the
aqueous phase. However, the myriad wastewater constituents
may adversely affect the adsorption, as certain compounds
exhibit nitrosamine FPs that represent other target pollutants
for removal. Our previous study observed the efficient adsorp-
tion of chlorpheniramine onto magnetic GO-Fe;0, in deion-
ized water (Li et al. 2017). This study further investigated the
adsorption of chlorpheniramine and its nitrosamine FPs with
respect to the influence by using real wastewaters (e.g., mu-
nicipal or medical wastewater) as the background. GO-Fe;04
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composite suspension and particles were synthesized by co-
precipitation. The variation of chlorpheniramine and nitrosa-
mine FP concentrations in deionized water and real wastewa-
ters before and after addition of GO-Fe;0, was analyzed for
comparison by batch experiments.

Materials and methods
Materials

Graphite powder (99.95%) and powdered activated carbon
(PAC) were supplied by Acros Organics and Alfa Aesar, re-
spectively. Fisher Scientific provided chemicals needed for
preparation of GO-Fe;0y,, including ferrous chloride
(FeCl,), ferric chloride (FeCls), ammonium chloride
(NH4CI), sodium nitrate (NaNQOs), potassium permanganate
(KMnQ,), hydrogen peroxide (H,0,), and hydrogen chlorite
(HCI). Chlorpheniramine (25 g, 99%) and bromopheniramine
(100 mg, 99%) standards were obtained from Alfa Aesar.
Nitrosamine standards were obtained from Chem Service.
Deuterated NDMA (NDMA-dg) and deuterated
nitrosodipropylamine (NDPA-d;4) were purchased from
Chem Service. NDMA-dg¢ was added prior to solid phase ex-
traction (SPE) to monitor the method performance. NDPA-d, 4
was used as an internal standard for quantification of native
compounds in instrumental analyses. Solid-phase extraction
cartridges were purchased from Sigma-Aldrich. The car-
tridges are suggested in Method 521 published by the
USEPA for nitrosamine analysis (USEPA 2004). Sodium hy-
droxide (NaOH) and sulfuric acid (H,SO,) (Fisher Scientific)
were used for pH adjustment. All reagents applied in this
study were analytical grade and used without purification.

GO-Fe;0, preparation

Following the method in our previous study (Li et al. 2017),
the Hummers method was modified to prepare GO suspension
from bulk flake graphite crystals. The GO suspension was
used to synthesize GO-Fe;0,4 composites. Our previous study
compared the chlorpheniramine adsorption on GO-Fe3;0, pre-
pared with different mass ratios of Fe;Cl to GO in deionized
water. Given the experiences, the GO-Fe;04 was prepared
with a FeCls to GO ratio of 2.5 in this study. GO suspension
(40 mg, dry weight) was mixed with a FeCl; and FeCl, solu-
tion (50 ml, the mass ratio of FeCl; to FeCl, was 2.7). The
subsequent steps to collect GO-Fe;0y4 particles were identical
to those described in our previous study. The particles were
ground and sieved to a 40-mesh size for being used in the
following experiments. Fig. S1 in the supplementary materials
shows the X-ray diffraction (XRD), scanning electron micro-
scope (SEM), and Brunauer-Emmett-Teller BET results of
GO, GO, and GO-Fe;04 composites.
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Wastewater sampling

Two wastewater treatment plants (WWTP1 and WWTP2)
were selected in this study to collect the effluents for the ex-
periments. The total daily flow capacities of WWTP1 and
WWTP2 are 12,000 and 14,000 cubic meters per day
(CMD), respectively. The municipal wastewater is the main
source of WWTP1. The influent of WWTP2 contains indus-
trial and medical wastewaters (40%), municipal wastewater
(42%), and stormwater (18%). After equalization as the initial
process, the main treatment steps of WWTP1 comprise an up-
flow anaerobic fluidized bed reactor, biological contact oxida-
tion reactor, and post-disinfection before the discharge. In
WWTP2, the treatment processes consist of activated sludge
and sedimentation. The water quality parameters including the
conductivity, pH, dissolved oxygen (DO), ammonium, nitrite,
nitrate, free and total chlorine, dissolved organic carbon
(DOC) concentrations, ultraviolet absorbance at 254-nm
wavelength (UV254), and specific ultraviolet absorption
(SUVA) of two WWTPs were analyzed, as shown in Table 1.

In WWTPI, with the relatively higher conductivity, DOC,
UV254, and SUVA values (Table 1), the wastewater samples
were used to study the influence of real municipal wastewater
on chlorpheniramine adsorption onto GO-Fe;04. In WWTP2,
the water source is more complex. Nitrosamines are known to
be formed from a variety of natural (e.g., natural organic mat-
ter) and synthetic precursors (e.g., amine-containing com-
pounds such as herbicides or pharmaceuticals) (Bond et al.
2012; Krasner et al. 2013). The wastewater in WWTP2 is
suitable for investigation of the influence of real wastewater
on nitrosamine FP removal by GO-Fe;0,4. The wastewater in
WWTP2 was sampled twice at different times to reduce the

Table 1 Water quality information of the wastewater samples collected
in this study

WWTPI1 WWTP2'  WWTP2!
pH 8.0 79 79
Conductivity (ps/cm) 1068 645 929
DO (mg/L) 74 7.1 5.7
DOC (mg/L) 83+0.1 6.9+0.1 7.1+0.1
UV,ss (cm ™) 026+0.02 0.10 0.10
SUVA (L/mg-m) 3.15+£024 1.47+£001 1.37+0.03
NOs-N (mg/L) <0.10 395+£0.15 0.55+0.05
NO,-N (mg/L) 0.06£0.01 0.04+£0.01 0.16+0.01
NH,4-N (mg/L) 50.0+3.0 11.4+0.7 16.3+0.5
Free chlorine (mg/L as Cl) 0.13£0.01 N.A. N.A.
Total chlorine (mg/L as Cl)  0.14+£0.00 N.A. N.A.

N.A. not available

"WWTP2 was sampled twice at two different times in this study to
understand the water quality variation given the complexity of its water
sources

influence of water quality variation on the consistency of our
observations given the complexity of its water sources. In two
WWTPs, at least 1 L of the effluent was collected. H,SO,4 was
added in the sample to control the pH below 2, followed by
being stored at 4 °C and analyzed in 48 h.

Chlorpheniramine adsorption

Adsorption of chlorpheniramine onto GO-Fe;O,4 was investi-
gated in batch experiments by using 50-mL polyethylene cen-
trifuge tubes. Thirty milligrams of GO-Fe;0, particles, GO-
Fe;0,4 suspension, or activated carbon was added as the ad-
sorbent. The chlorpheniramine concentration (described in the
following discussion) was adjusted to achieve the desired ex-
perimental conditions. The experiments were conducted at the
optimal pH of 6 by adding NaOH or H,SO,. The experimental
conditions were consistent with those in our previous study
for comparison of the results in different waters (Li et al.
2017). The solution was continuously and gently shaken for
24 h, followed by centrifugation (4000 rpm, 15 min). At equi-
librium, magnetic force was applied to remove GO-Fe;04
from the aqueous phase. After spiking with
bromopheniramine (1 g/L, 10 uL), the solution (20 mL) was
pretreated by liquid-liquid extraction. The solvent consisted of
dichloromethane and diethyl ether (the volume ratio was 4).
The extract was concentrated to 1 mL by rotary evaporator
and nitrogen blow down.

Gas chromatography (Agilent 7890B, USA) coupled with
mass spectrometry (Agilent 5977A, USA) (GC/MS) was
employed for chlorpheniramine analysis. The extract (1 pL)
was injected in splitless mode. The temperature of the inlet
was 290 °C. Helium was the carrier gas. The flow rate was
1.2 mL/min. The analytes were separated by using a capillary
column (HP-5MS, 30 m x 0.25 mm with 0.25-pum film thick-
ness). The oven temperature was programmed as follows:
initial temperature of 40 °C, raised to 200 °C at 30 °C/min,
then controlled at 300 °C at 15 °C/min. The MS was operated
in the electron impact mode. The temperature of the source
was 230 °C. The method detection limit (MDL) of chlorphen-
iramine was approximately 1 pg/L. The accuracy of chlor-
pheniramine analysis in real wastewaters from WWTP1 was
estimated (Fig. S2 in the supplementary materials). The recov-
ery ranged from 92 to 119% (n="17).

Nitrosamine FP adsorption

Adsorption of eight nitrosamine FPs onto GO-Fe;0,4 was in-
vestigated in batch experiments. Eight nitrosamines of con-
cern included NDMA, N-nitrosomethylethylamine (NMEA),
NDEA, NDPA, N-nitrosodibutylamine (NDBA), N-
nitrosopyrrolidine (NPYR), N-nitrosopiperidine (NPIP), and
N-nitrosomorpholine (NMOR). Chlorpheniramine was
injected as the precursor for nitrosamine formation. By
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running the experiments in a sealed 1.2-L amber jar at pH 7 for
24 h under dark condition, the solution was filtered by using a
glass fiber filter. Monochloramine (2 mM) was added for
complete oxidation of chlorpheniramine and other precursor
compounds present in wastewaters for nitrosamine formation
(Chen et al. 2014; Kadmi et al. 2015). Monochloramine was
prepared before experiments by adding sodium hypochlorite
in an ammonium chloride solution. The molar ratio of chlorine
to nitrogen was 1:1.2 to limit excess hypochlorite causing
breakpoint chlorination. The pH was 8.5 to minimize the deg-
radation of monochloramine. The reaction time was 7 days.
Sodium dihydrogen phosphate was added as a buffer. Before
solid phase extraction, NDMA-ds (10 mg/L, 24 uL) was
spiked. A cartridge packed with coconut charcoal (2 g) in a
polypropylene tube (6 mL) was used for solid phase extraction
of nitrosamines from the supernatant. Dichloromethane
(15 mL) was applied to extract nitrosamines from the car-
tridge. The extract was concentrated to 0.5 mL by nitrogen
blowdown.

GC/MS (Agilent 7890B, USA; Agilent 5977A, USA) was
employed for nitrosamine FP analysis. The extract (2 uL) was
injected in splitless mode at 280 °C. The GC was equipped
with a capillary column (HP-5MS, 30 m x 0.25 mm with
0.25-um film thickness). The oven temperature was pro-
grammed as follows: 40 °C held for 1 min, ramped to
100 °C at 10 °C/min, ramped to 180 °C at 15 °C/min, then
260 °C at 35 °C/min. The temperature of the source was
230 °C. Besides the use of surrogate (NDMA-dg) and internal
standard (NDPA-d,4), the method of standard addition was
applied to reduce the matrix effect by background noises of
interfering peaks, unequivocally identifying nitrosamines in
complex wastewater matrices. The MDLs of eight nitrosa-
mines ranged from 1.4 to 3.7 ng/L.

Adsorption isotherm

Adsorption isotherm is a mathematical approach to de-
scribe the experimentally determined sorption data of a
compound between aqueous and solid phases under the
isothermal state. In the experiments, 30 mg of adsorbent
(GO-Fe;04 or activated carbon) was added in the chlor-
pheniramine solution (from 10 to 200 mg/L) at pH 6. The
solution was then continuously and gently shaken for
24 h, followed by an analysis of the residual chlorphenir-
amine concentration. Two widely used adsorption models,
namely the Langmuir (Eq. 1) and Freundlich isotherms
(Eq. 2), were used to describe the adsorption of chlor-
pheniramine and nitrosamine FPs onto GO-Fe;0,4. The
Langmuir adsorption model explains adsorption of a sin-
gle solute onto a series of equivalent sites on a homoge-
neous solid surface. Each site holds a single solute. No
interaction occurs between the solute and the site. The
Freundlich adsorption model is applied for non-ideal
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sorption on heterogeneous surfaces and multilayer sorp-
tion (Schwarzenbach et al. 2003).

quLC
_ ¢ 1
T 11k C (1)
q=KeC" (2)

where ¢ and C represent the concentrations of chlorphenir-
amine or nitrosamine FPs on GO [mg/g] and in aqueous phase
[mg/L], respectively; g, represents the total number of surface
sites per mass of sorbent [mg/g]; K is the Langmuir constant
[L/kg], which is defined as the equilibrium constant of sorp-
tion reaction and implies a constant sorbate affinity for all
surface sites. Kr and n represent the Freundlich capacity factor
[(mg/kg)/(mg/L)"] and model exponent (Freundlich constant),
respectively.

Results and discussion
Adsorption isotherm

Our previous study has demonstrated the efficient adsorption of
chlorpheniramine onto the GO-Fe;0,4 suspension or particles in
deionized water (Li et al. 2017). The adsorption performance was
enhanced when the particles were prepared with a low Fe;O4 to
GO mass ratio to increase the specific surface area and nano-pore
volumes. To investigate its practicability in real wastewaters, the
adsorption of chlorpheniramine on GO-Fe;0, particles or sus-
pension in real wastewaters was investigated, as shown in Fig. 1.
High chlorpheniramine concentrations (from 10 to 120 mg/L)
were employed to observe the adsorption isotherms. The
adsorbed concentration (¢.) was determined by estimating the
mass of chlorpheniramine adsorbed on the surface of GO. An
experiment using activated carbon prepared at the same mesh
size was conducted simultaneously (triangles in Fig. 1).

The maximum adsorption concentrations decreased in the
order: GO-Fe;0,4 suspension > GO-Fe;0,4 particles > activat-
ed carbon. These observations were fitted in Freundlich and
Langmuir adsorption models (Fig. 1 and Table 2). Both ad-
sorption models fitted the observation well, as the Freundlich
isotherm exhibited slightly better results. The limited differ-
ences between the two adsorption models suggested that al-
though GO-Fe;0, is a composite containing two different
materials, the surface could be relatively homogeneous for
the adsorption of chlorpheniramine.

Table 2 lists the parameters by fitting the observed data in the
Freundlich and Langmuir isomerism models. In the result,
Freundlich and Langmuir models both fitted the observed data
well, as the results by the Freundlich model were slightly better.
The values of g, (the total number of the surface site per mass of
sorbent) (except the wastewater experiment using GO-Fe;O4
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suspension), K (the Langmuir constant), and Ky (the capacity
factor in the Freundlich model) decreased in the wastewater ex-
periments, as expected. The parameter 7 in the experiments using
real wastewaters, which is an index of the diversity of free ener-
gies associated with the sorption of the solute (i.e., chlorphenir-
amine) by multiple components of a heterogeneous sorbent (i.e.,
GO-Fe;0,) (Carter et al. 1995; Schwarzenbach et al. 2003), was
significantly greater than those in the deionized water experi-
ments. The n values were increased 1.69 and 2 times for the
GO-Fe;0,4 particles and suspension, respectively, whereas the
increase was only 1.29 times for activated carbon. The larger
Freundlich constants in real wastewater experiments inferred that
the compounds in real wastewaters such as organic substances
potentially enhanced the free energies of further chlorphenir-
amine sorption onto the surface of GO-Fe;0y.

Influence of real wastewaters

Figure 2 compares the chlorpheniramine adsorption onto the
GO-Fe;0, particles, suspension, and activated carbon be-
tween real wastewater and deionized water. The initial chlor-
pheniramine concentrations ranged from 10 to 200 mg/L. In
the results, the GO-Fe;04 particles and suspension exhibited
better adsorption performances than the activated carbon. The
presence of real wastewater reduced the chlorpheniramine ad-
sorption on three adsorbents, notably on the GO-Fe;O4 parti-
cles and activated carbon. It was reported that the chlorphen-
iramine removal by adsorption on activated carbon decreased
from 75 to 40% (q. was reduced from 190 to 101 mg/g) when
the background was changed from deionized water to 90%
surface water plus 10% wastewater effluent (Hanigan et al.

Table 2 Adsorption isotherm

models used to fit the observed Langmuir Freundlich
sorption data
m (ng/ K R K R
mg) (L/mg) ((pg/mg)/(mg/
D"
Wastewater® Particles 277.8 0.02 096 0.78 6.09 0.97
Suspension 303.0 0.02 096 0.75 17.89 0.96
Activated 87.7 0.01 092 039 1642 0.94
carbon
Deionized water™®  Particles 303.0 0.08 098 029 728 0.98
Suspension 154.0 0.17 098 025 54.00 0.98
Activated 120.5 0.35 092 0.17 58093 0.98
carbon

#The experimental pH was 6. The contact time was 24 h. The adsorbents were controlled at 40-mesh size

® Data source: (Li et al. 2017)
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<« Fig. 2 Chlorpheniramine adsorption on (a) GO-Fe;O, suspension; (b)
GO-Fe;04 particles; and (¢) activated carbon in wastewaters (this study)
and deionized water (Li et al. 2017). The black and red lines depict the
fittings for the Freundlich and Langmuir models, respectively. The solid,
long-dashed, and medium-dashed lines represent the fittings for GO-
Fe;04 suspension, GO-Fe;0, particle, and activated carbon, respectively

2012). Certain pharmaceuticals that form nitrosamines
showed similar results, whereas the inhibition was limited in
the experiments using ranitidine (a medication which de-
creases stomach acid production) and tetracycline (an antibi-
otic used to treat a number of infections) (Apul et al. 2013).
Competition between organic substances in wastewaters and
certain functional groups of the pharmaceuticals for adsorp-
tion sites on activated carbon or GO-Fe;0y, is one explanation
(Hanigan et al. 2012).

In Fig. 2 b, the chlorpheniramine adsorption on GO-Fe;0y4
suspension in real wastewater was enhanced and higher than
that in deionized water at high chlorpheniramine concentra-
tions. In Table 2, the n value in the Freundlich equation and
the ¢max value in Langmuir equation were both larger in the
real wastewater experiment when GO-Fe;O,4 suspension was
employed. Our previous study indicated that the electrostatic
interaction is the main mechanism involved during chlorphen-
iramine adsorption onto GO-Fe;O,4 suspension, as the specific
surface area and micropore volume are more critical for chlor-
pheniramine adsorption on GO-Fe;0,4 particles (Li et al.
2017). Humic and fulvic acids are the major compositions
(40%—60%) in natural organic matters (Schlautman and
Morgan 1993). Due to carboxylic and phenolic groups in the
humic and fulvic acids, organic substances have negative
charges on their surfaces (Zhou et al. 2014). The zeta potential
of GO-Fe;04 suspension used in this experiment ranged from
—35.1to—15.1 mV between pH 4 and 10 (Lietal. 2017). The
negative charges on the surfaces of both organic substances
and GO-Fe;0, suspension potentially limited the competition
for adsorption sites on GO-Fe;04 suspension between chlor-
pheniramine and organic substances. Apul et al. suggested
that the oxygen-containing functional groups increased the
stability of GO in the aqueous phase, diminishing the negative
effect of organic substances on the adsorption behaviors on
GO (Apul et al. 2013).

Ionic strength is another explanation for the enhanced
chlorpheniramine adsorption in wastewaters at high chlor-
pheniramine concentrations. The ionic strength was increased
from 10 to 1.8 x 102 M when the background was changed
from deionized water to wastewater in this experiment. The
solubility change of chlorpheniramine by salting out as well as
the variation of heterogeneity and electrical double layer
thickness on the surface of GO-Fe;0, suspension by organic
substances (Li et al. 2012) contributed to the enhanced adsorp-
tion of chlorpheniramine in real wastewaters.

Removal of nitrosamine FPs in wastewaters

The wastewaters collected in WWTP2 were used to investi-
gate the removal of nitrosamine FPs by adsorption using the
GO-Fe;0, particles. Fig. S3 in the supplementary materials
shows the occurrences of four nitrosamine FPs including
NDMA-FP (276 and 94 ng/L in two samplings), NPIP-FP
(446 and 247 ng/L in two samplings), NMOR-FP (277 and
18 ng/L in two samplings), and NDBA-FP (83 ng/L and non-
detected in two samplings) in the wastewaters collected in
WWTP2. A strong correlation (7 = 0.88) was present between
the nitrosamine FP distributions between two sampling
events. Medical wastewater was one major source of
WWTP2 and the treated water was not chlorinated, resulting
in the high levels of nitrosamine FPs in the results.

Development of studies regarding the removal of different
nitrosamine FPs has started for years. Sacher et al. have shown
50% and 90% NDMA-FP reduction in multiple surface waters
exposed to PAC at a dose of 5 and 20 mg/L for 7 days, re-
spectively (Sacher et al. 2008). Hanigan et al. reported that
37% and 69% NDMA-FP reduction in municipal wastewater
effluents by both PAC (37%) and granular activated carbon
(GAC, 59%) at a 4-h contact time. Reduction of 60-80%
NDMA-FP was demonstrated in the pilot- and full-scale stud-
ies using GAC (Hanigan et al. 2012).

In this work, Fig. 3 a and b illustrate the variations of four
nitrosamine FPs in the wastewaters (500 mL) from WWTP2
in two samplings after the addition of GO-Fe;04 (30 mg) in
the experiments, respectively. In Fig. 3 a, the adsorption ca-
pacities of the GO-Fe;0,4 for NDMA-FP, NPIP-FP, NMOR-
FP, and NDBA-FP were 3.98, 3.12, 4.46, and 1.31 ng/mg,
respectively. In Fig. 3 b, the adsorption capacities of the GO-
Fe;04 for NDMA-FP, NPIP-FP, NMOR-FP, and NDBA-FP
were 0.59, 3.34, 0.37 ng/mg, and not-detected, respectively.
The removal percentages of NDMA-FP, NPIP-FP, NMOR-FP,
and NDBA-FP were 29 + 12%, 26 + 6%, 46 + 1%, and 44%,
respectively. Nitrosamine FPs with larger molecular weights
exhibited greater removal efficiencies by the GO-Fe;04 (r=
0.75). However, it is shown that the dose of 60 mg/L of the
GO-Fe;04 was significantly higher with lower NDMA-FP
removal than activated carbon.

Besides activated carbon, Uzun et al. investigated the re-
movals of NDMA-FP by different treatment technologies at 9
drinking water treatment plants (Uzun et al. 2017). The aver-
age NDMA-FP removals by aluminum clarification, PAC ad-
dition at high doses (>4 mg/L), simultaneous application of
chlorine and chlorine dioxide, reverse osmosis, and
microfiltration were 12-30%, 41-55%, 51-61%, 81%, and
7%, respectively. Chen et al. reported that pre-chlorination in
drinking water treatment plants removed the NDMA-FP in the
source water by 38-57%, whereas the NDMA-FP was limit-
edly changed (8%) or increased (— 98%) during pre-ozonation
(Chen et al. 2016). As to other nitrosamine FPs, Takeuchi et al.
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observed that the reduction rates of NPYR-FP were 64% by
microfiltration, 1% by nanofiltration, and 36% by RO, and
those of NDEA-FP were negligible by MF, 82% by NF, and
7% by RO (Takeuchi et al. 2018). The lower treatment effi-
ciencies at high dose somehow limit the application of GO-
Fe;0,4 for removal of nitrosamine FP in real wastewaters.

Removal of nitrosamine FPs posed
by chlorpheniramine in wastewaters

Chlorpheniramine is a known NDMA precursor. Figure 4
shows the variations of four nitrosamine FPs in the waste-
water from WWTP2 spiked with chlorpheniramine and the
GO-Fe30,, respectively. The molar yield of NDMA from
chlorpheniramine was reported to be around 2-4% (Liu
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et al. 2014; Shen and Andrews 2011a; Shen and Andrews
2011b). In the results, the NDMA-FP was significantly
increased from 93 to 272 ng/L (Fig. 3a, b) to 9.9-
23.4 pug/L (Fig. 4a, b) by adding chlorpheniramine in the
wastewaters. The NDMA-FP increases fell within the rea-
sonable expectation, as 21,610-43,220 ng/L of NDMA-FP
could be formed by adding 14.6 uM of chlorpheniramine
(a concentration within the range of the adsorption iso-
therm experiments above) with NDMA molar yield of 2—
4%.

After the GO-Fe;04 addition, the NMOR-FP (Fig. 4a) and
NPIP-FP (Fig. 4b) were limitedly changed (p > 0.05), while
the NPIP-FP (Fig. 4a) and NMOR-FP (Fig. 4b) were signifi-
cantly reduced and increased (presumably relevant to possible
precursors in the wastewater), respectively (p <0.01).
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However, after the adsorption onto GO-Fe; 0,4, the NDMA-FP
ranging from 7896 to 19,400 ng/L was analyzed. The maxi-
mum adsorption capacity of GO-Fe;0, for chlorpheniramine
was reported as 317-470 mg/g (Li et al. 2017). With this
information, chlorpheniramine added in the wastewaters was
supposed to be removed (~20.5 uM), significantly reducing
the NDMA-FP after adsorption. In Fig. 4 a and b, the NDMA -
FP after adsorption ranged from 7896 to 19,400 ng/L. The
adsorption removal of NDMA-FP onto GO-Fe;O4 was only
83.6-167.0 ng/mg in the experiments. Previous research dem-
onstrated the occurrence of the catalytic transformation of ni-
trosamine precursors to yield nitrosamines on the surface of
activated carbon under environmentally relevant conditions
(Padhye et al. 2010; Padhye et al. 2011). Adsorption of chlor-
pheniramine and catalytic reactions such as degradation
forming nitrosamine FPs could simultaneously occur on the
surface of GO-Fe;0y4.

Removal of nitrosamine FPs posed
by chlorpheniramine in deionized water

Padhye et al. reported that on the surface of activated carbon,
dissolved oxygen forms reactive oxygen species (ROS), further
reacting with dissolved nitrogen to form reactive nitrogen species
(RNS) such as N,O, H,N,0, and NH,OH and catalyzing
NDMA formation from secondary amines (Padhye et al. 2010;
Padhye et al. 2011). The formation of ROS on the surface of GO
was reported (Chang et al. 2011; Zhao et al. 2014). In this study,
the experiments were conducted to investigate whether chlor-
pheniramine adsorption and degradation reaction simultaneously
occurred increasing the NDMA and/or other nitrosamine FPs in
wastewater.

Table 3 lists the NDMA-FP variations in deionized water with
the addition of chlorpheniramine before and after the adsorption
by GO-Fe;04. In the results, the molar yields of NDMA-FPs
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Table 3 NDMA-FP variations in

deionized water spiked with Chlorpheniramine (uM)  Before adsorption After adsorption
chlorpheniramine before and after
the adsorption by the GO-Fe;0,4 NDMA-FP (ng/L)  Molar yield (%) NDMA-FP (ng/L) NDMA-FP increase
(ng/mg GO)
7.3 5441.3 + 63.7 1.01% 7480.9 + 549.5 37.1
14.6 13,559.0 £ 361.1  1.25% 14,448 + 1219.4 85.0

(1.01-1.25%) by adding chlorpheniramine were similar to those
reported in publications (Liu et al. 2014; Shen and Andrews
2011a; Shen and Andrews 2011b). However, after the adsorption
by GO-Fe;04, the NDMA-FP in the water was not removed and
was elevated by 6.6-37.5%. The increase of NDMA-FP of chlor-
pheniramine by adding GO-Fe;0,4 ranged from 37.1 to 85.0 ng/
mg. The results suggested that chlorpheniramine was potentially
removed by adsorption and/or degradation reaction, as the later
process could form NDMA precursors increasing the NDMA-
and/or nitrosamine FPs (e.g., those observed in Fig. 4).

Conclusion

Chlorpheniramine is a pharmaceutical pollutant and a precursor of
carcinogenic nitrosamines. Given the efficient adsorption of chlor-
pheniramine onto GO-Fe;04 in deionized water, the maximum
adsorption of chlorpheniramine in wastewaters decreased in the
order: GO-Fe;0,4 suspension > GO-Fe;0, particles > activated
carbon. Chlorpheniramine adsorption on GO-Fe;O, particles
and activated carbon was reduced by using real wastewaters as
the background, whereas the chlorpheniramine adsorption on
GO-Fe;0,4 suspension was enhanced due to the effects of surface
charge on GO-Fe;0,4 and ionic strength variation in waters.
Appreciable levels of NDMA and other nitrosamine FP removals
were observed when GO-Fe;O,4 was used in real wastewaters.
However, when chlorpheniramine was present in wastewaters,
the chlorpheniramine adsorption and degradation reaction poten-
tially occurred on the surface of GO-Fe30,, increasing NDMA
and other nitrosamine FPs in wastewaters after the addition of GO-
Fe;0, for chlorpheniramine removal. Similar results were ob-
served by analyzing the variation of NDMA-FP during chlorphen-
iramine adsorption on the GO-Fe;0, in deionized water. GO-
Fe;0, is a potential adsorbent for chlorpheniramine removal.
Nevertheless, the low treatment efficiencies at high doses limit
its application for nitrosamine FP adsorptions in real wastewaters.
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