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A B S T R A C T

Emerging pollutants introduced into surface water pose potential hazards to the safety of drinking water. In this
study, the removal performance of three emerging compounds (exemplified by caffeine, diclofenac and octyl-
phenol, with different physico-chemical properties) from synthetic water and source water by combining acti-
vated carbon (AC) adsorption and nanofiltration (NF) membrane processes was evaluated and analyzed. Results
from synthetic water showed that the adsorption isotherms modeled well with the Langmuir equation. The
removal performance of target compounds by AC-NF system was more remarkable than that of NF-AC combi-
nation. In the source water system, the integrated AC-NF process with coagulation pretreatment (the alum
dosage of 60mg/L) achieved satisfactory performance (the removal efficiencies of three target compounds
reached > 95%). Results showed the electrostatic interaction and pollutant hydrophobicity determined the
behavior and the fate of selected PPCPs/EDCs during the sequential treatment process of coagulation, activated
carbon adsorption, and NF membrane separation. Finally, the AC and NF membranes were analyzed by Fourier
transform infrared spectroscopy and scanning electron microscopy to understand the mechanisms, i.e. electro-
static and hydrophobic effects on the total removal process. It suggests that the integrated AC-NF process with
coagulation pretreatment should be a feasible approach for removing emerging compounds in waterworks.

1. Introduction

Pharmaceuticals and personal care products (PPCPs) and endocrine
disrupting chemicals (EDCs) together identified as emerging con-
taminants (ECs), have attracted vast attention in recent years due to
their occurrence on a global scale. These emerging contaminants, once
being distributed into surface water, can pose potential risks to the
safety of drinking water. Recently a number of PPCPs/EDCCs have been
detected in rivers, lakes and groundwater (Lin et al., 2011; Roberts
et al., 2016). It is reported that 52 PPCPs/EDCCs were detected with
median concentrations ranging from 0.06 ng/L to 504 ng/L in surface
water, and 33 compounds were detected with concentrations up to
4580 ng/L for acesulfame in groundwater from Dongjiang River basin
(South China) (Yang et al., 2018). Compared with domestic wastewater,
hospital effluents generally exhibited higher detection frequencies and

concentrations of PPCPs (Oliveira et al., 2015). Scientists reported some
new technology for the removal of ECs, such as advanced oxidation
(Huang et al., 2013), microbial fuel cells (Zhou et al., 2018), adsorption
(Yang et al., 2017), and membrane treatment (Wang and Wang, 2016).
However, the behavior, the fate and the mechanism of the ECs removal
by some new combined technological processes in waterworks is still
not well understood.

A variety of technologies, such as coagulation, adsorption, advanced
oxidation processes and membrane separation, has been developed to
deal with these emerging contaminants (Ahmed, 2017; Alvarez-Corena
et al., 2016; Huang et al., 2017). Although coagulation process is ap-
plied primarily to remove turbidity, natural organic matter (NOM) and
soluble organic pollutants from water, its removal efficiency of PPCPs/
EDCs is rather low. Adsorption technique has been widely used to re-
move hazardous pollutants from water, especially those that are not
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easily biodegradable and can be used in small household units
(Evgenidou et al., 2015). Adsorbents that have appropriate character-
istics, such as high selectivity, large surface area, high adsorption ca-
pacity, recyclable, long lifespan and low cost are desirable for pollutant
adsorption and removal (Chingombe et al., 2005). The United States
Environmental Protection Agency (USEPA) has designated AC adsorp-
tion as one of the available technologies for the treatment of many
soluble pollutants (Westerhoff et al., 2005). Membrane processes, such
as nanofiltration (NF), are increasingly being used in drinking water
treatment to remove organic micropollutants. Several studies on the
removal of emerging contaminants with these high-pressure mem-
branes have been carried out (Dolar et al., 2012). Rejection mechanisms
of NF membrane include size exclusion (SE), electrostatic repulsion
(EP), and adsorption (AD) (Chang et al., 2012b; Lin et al., 2007).

Removal of PPCPs/EDCs by combining different removal technol-
ogies has attracted numerous attentions. The performance of advanced
treatment processes combining AC adsorption and NF membrane in
removal of PPCPs/EDCs was still not fully investigated. In the present
study we focused on two PPCPs (caffeine, diclofenac) and one EDC
(octylphenol) as target compounds, due to their frequent occurrence in
the surface water and with different physico-chemical properties.
Caffeine is a hydrophilic molecule with electric neutrality, and diclo-
fenac salt is anionic at neutral pH with high solubility in water (Chen
et al., 2018; de Franco et al., 2018). Octylphenol is an electrically
neutral molecule at neutral pH, and is insoluble in aqueous solution due
to high hydrophobicity (Bjorklund and Li, 2017). In this study, we set
up synthetic water system and source water system for studying the
behavior, the fate and the removal mechanism of the target compounds
in coagulation-AC-NF system. The objectives of this study are to (1)
evaluate the performance and illuminate the mechanism of the three
main units (i.e., coagulation, AC and NF membrane) in removing the
three selected PPCPs/EDCs from source water, and then (2) to study the
behavior, the fate and the removal mechanism of the target compounds
in coagulation-AC-NF system.

2. Materials and methods

2.1. Chemicals and materials

The detailed information of the activated carbon F400 (AC),
Nanofiltration membrane NF-270 (NF), the three target compounds
(their physio-chemical properties are listed in Table S1, and three target
compounds were selected from the 11 highly detected pollutants in
Taiwan waters commissioned by the Taiwan government, as listed in
Table S2) and the common chemical reagents used in this study is
presented in Supporting Information. Unfiltered raw water (source
water) obtained from the Tai-hu Lake, one of the major reservoirs in
Kin-men Island (Latitude 24°44′ N and Longitude 118°32′ E), Taiwan.
The lake is the source water for a local water treatment plant. The water
quality of water from the Tai Hu water treatment plant is listed in Table
S2 (Supporting Information).

2.2. Synthetic water experiments

To study the adsorption behavior of the selected compounds and the
rejection of the selected compounds by NF membrane at different pH,
synthetic water was prepared by dissolving equal amounts of CAF, DCF
and OP together in deionized (DI) water to achieve different pharma-
ceutical concentrations.

2.2.1. Adsorption isotherm of ECs by AC
Equilibrium adsorption experiments were conducted in batch using

jar-test apparatus. The adsorption isotherm study was conducted by
adding AC (passed through 100 mesh sieve) into the synthetic solution
with pharmaceutical concentrations of 1.0, 2.0, 4.0, 6.0 and 10.0 mg/L,
while the amount of AC used was 10mg/L. The mixture was agitated at

200 rpm for 72 h to reach adsorption equilibrium at ambient tempera-
ture. The solution pH was adjusted to 7.0 by HCl (aq) and NaOH (aq).
The adsorption isotherms were analyzed using both the Freundlich and
Langmuir equations. The background knowledge of these isotherm
models can be found in Supporting Information.

2.2.2. Rejection of ECs by NF membrane
A cross-flow module was used for the filtration test. The surface area

and the cross-sectional area of the membrane were 140 cm2

(14.6 cm×9.5 cm) and 1.9 cm2 (9.5 cm×0.2 cm), respectively. The
characteristics of NF-270 has been reported previously (Chang et al.,
2009). The membrane was stored in a 1.5% (w/w) sodium metabisulfite
(Na2S2O5) solution to prevent it from being oxidized and desiccated.
Before filtration, the membrane was pre-compacted with Milli-Q water
for at least 16 h to reach steady-state permeate flux.

The permeate flow rate was measured with a digital scale connected
to a computer with continuous recording capability. The amount of
material deposited on the membrane was then determined with discrete
differentiation. The cross-flow velocity and transmembrane pressure
were 0.27m/s and 100 psi, respectively. The performance of the
membrane was determined in terms of permeate flux and the target
compound rejection. The concentration of each target compounds in
the permeate and feed were measured at fixed time intervals.

The nanofiltration membrane rejection efficiency, Rejection (%), was
calculated based on the initial concentration Ci (mg/L), and the
permeate concentration Cp (mg/L), as follows:

= − ×Reject C C(%) (1 / ) 100p i (1)

2.2.3. AC-NF and NF-AC treatment
To find the optimum operation cascade combining AC adsorption

and NF membrane, the removal efficiency of two treatment cascades
including (a) AC followed by NF membrane and (b) NF membrane
followed by AC adsorption were evaluated under the following ex-
perimental conditions: transmembrane pressure of NF-270, 100 psi;
cross flow velocity 0.27mg/s. AC dosage, 10mg/L in jar test. The
concentration of the selected compounds was 1.0mg/L.

2.3. Spiked source water experiments

2.3.1. Coagulation pretreatment
Coagulation of source water was performed in a series of jar tests at

the natural pH=7.4, and dosages of alums (10mg/L - 100mg/L).
Before the jar test, CAF, DCF and OP were added to the source water to
reach 1.0 mg/L individually, and the solution was stirred at ambient
temperature for 48 h to reach equilibrium. During a typical jar test, a
known concentration of alum stock solution was added to the equili-
brated solution, and the jar test immediately triggered the stirrer to
rapidly mix the solution for 2min at 150 rpm and then slowly mix the
solution at 50 rpm for 20min. After coagulation, the solution was let
settled for 30min. Supernatants were taken to measure the final pH and
residual PPCP compounds. The settled solutions were filtered through a
1.5 μm Whatman Glass Micro-fibre Filter (Whatman Ltd) to remove
larger floc particles, and filtered again through a 0.45 μm Whatman
Glass Microfibre Filter. Samples were processed within a week of col-
lection and analytical tests were performed within two weeks. Samples
were collected from the filtrate for DOC, UV254, pH, and ECs. 10 L
volume of coagulated, flocculated, and filtered water was collected for
subsequent adsorption and NF membranes treatment.

2.3.2. Adsorption kinetics
The water samples for the study of AC adsorption kinetics were

pretreated by coagulation with alum dosage of 60mg/L, then filtrated
with 0.45 μm filter paper. The adsorption kinetics experiments were
conducted in batch using jar-test apparatus with the AC dosage of
50mg/L and the solution volume of 1.0 L, and then took samples at
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different intervals. The adsorption kinetic data were analyzed by the
pseudo-first-order, the pseudo-second-order rate expression and Weber
and Morris intraparticle diffusion model. The background knowledge of
these kinetics models can be found in Supporting Information.

2.3.3. NF membrane treatment
The treated water samples after treatment with activated carbon

adsorption under optimum dosage for 4 h were collected (without fil-
tration) for subsequent NF membranes treatment using nanofiltration
membrane NF-270.

All the experiments involved in this study were conducted three
batches as parallel control. Control experiments were carried out to
determine the chemical stability of target compounds for this study, and
the results showed that the effect of the natural half-life or microbial
activities of the target compounds was negligible. Data were analyzed
by ANOVA and differences between treatments were tested by Duncan's
multi-range test (P=0.05) using SAS software (version 8.2, SAS
Institute, 2004).

3. Results and discussion

3.1. Performance of integrated AC-NF system for synthetic water

3.1.1. AC adsorption
Fig. 1 shows the adsorption isotherms of CAF, DCF and OP on AC in

synthetic water. Table 1 presents the adsorption constants, indicating
that the Langmuir adsorption isotherm could better describe the ad-
sorption process than the Freundlich adsorption isotherm, as evidenced
by the R2 values. The calculated maximum adsorption capacity (Qm) of
each target compound is listed in Table 1, and the order of monolayer
adsorption density and the adsorption constant follow the order: OP
(724.6 mg/g) > CAF (393.7 mg/g) > DCF (194.9mg/g). Zhu et al.
studied adsorption of 11 PPCPs onto F400D activated carbon under
similar experimental conditions and found the adsorption amount are
from about 200 to 700mg/g (Zhu et al., 2016), basically consistent
with this study. The logKow values for CAF, DCF and OP were 0.46, 0.60
and 5.28, respectively, indicating the hydrophobic nature of OP. The
hydrophobic interaction between the OP (logKow=5.28), and the ac-
tivated carbons are accountable for adsorption of the compounds with
high logKow value (Bjorklund and Li, 2017). On the contrary, CAF and
DCF are more hydrophilic, therefore these two compounds are not
adsorbed by AC through hydrophobic interaction. In contrast, DCF is

negatively charged at neutral pH due to its pKa value of 4.6. Given the
negative surface charge of AC (the pHpzc of the AC used in this study is
5.5), the electrostatic repulsion will take place between DCF and AC,
which is unfavorable for adsorption (de Franco et al., 2018). This could
explain the inferior adsorption performance of AC towards DCF. CAF is
a hydrophilic molecule with electric neutrality, thus adsorption effi-
ciency of CAF by AC was higher than DCF, but lower when compared
with OP.

3.1.2. NF membrane
Fig. 2 shows the rejection of target compounds by NF-270 mem-

brane at transmembrane pressure of 100 psi and cross flow velocity of
0.27m/s at pH 3 and pH 8, respectively. The results indicated that
electrostatic repulsion played an important role on the rejection of
target compounds. The rejection rate of CAF and OP with higher pKa

value (> 10) at pH 3 and pH 8 were similar, whereas, the rejection of
DCF at pH 8 is remarkably higher than that at pH 3. The reason was
attributed to the fact that DCF was neutral at pH 3, and the rejection
was low. However, at pH 8, DCF in aqueous solution was negatively
charged, hence NF-270 membrane with similar charges showed elec-
trostatic repulsion for DCF.

3.1.3. Comparisons of AC-NF and NF-AC treatment
It is speculated that the sequence of AC and NF combined treatment

Fig. 1. Adsorption isotherms of target compounds from synthetic water onto
the AC (AC dosage 10mg/L, reaction time: 72 h, pH 7). Lines represent pre-
dicted values with Langmuir and the Freundlich adsorption isotherms models.
(CAF: caffeine, DCF: diclofenac, OP: octylphenol).

Table 1
Equilibrium adsorption parameters for different target compounds used in this
study.

Compounds Freundlich Langmuir

KF
a n R2 KL

a Qm (mg/g) R2

CAF 243.5 5.524 0.802 0.271 393.7 0.980
DCF 89.6 2.347 0.922 0.214 194.9 0.930
OP 871.3 0.798 0.919 0.693 724.6 0.942

a KF (mg1−1/n L1/n g−1); KL (L/mg) L/μmol.

Fig. 2. Rejection of target compounds by NF-270 membrane at pH 3 and pH 8,
respectively (Experimental conditions: transmembrane pressure= 100 psi,
cross flow velocity= 0.27 m/s).
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will influence the removal efficiency of target compounds (Meier, 2010;
Verliefde et al., 2007), therefore the removal performance of two
treatment chains: (a) AC followed by NF membrane and (b) NF mem-
brane followed by AC adsorption were studied. Fig. 3 shows that the
total removal efficiency of the AC-NF system was generally higher than
that of the NF-AC system, and that the removal efficiency of DCF was
higher than that of the other two compounds in both systems. This can
be attributed to the favorable electrostatic attraction of DCF by AC and

the electrostatic repulsion of DCF by NF membrane (Verliefde et al.,
2007). Table 2 summarizes the parameters and related removal me-
chanism. The adsorption capacity of AC in AC-NF system was sig-
nificantly higher than that of the NF-AC system, due to the initial
concentrations of target compounds in AC-NF system than that in the
NF-AC system. Additionally, the rejection efficiency of target com-
pounds by the NF membrane in the AC-NF system was higher than that
in the NF-AC system due to lower feed concentrations of target com-
pounds (Verliefde et al., 2007). Therefore, the removal of target com-
pounds by AC-NF system was more remarkable.

3.2. Performance of integrated AC-NF system with coagulation
pretreatment for spiked source water

3.2.1. Coagulation process as pretreatment
Fig. 4a shows the results of the removal of turbidity and the target

compounds by coagulation-flocculation-sedimentation. The residual
turbidity decreased with increasing alum dosage from 0 to 60mg/L,
and then did not further decrease with the increase of alum dosage. The
residual turbidity was<1.5 NTU when the alum dosage was>10mg/
L. The amount of target compounds decreased with increasing alum
dosage from 0 to 60mg/L, which is consistent with the decrease of
residual turbidity. The maximum total removal of residual turbidity
occurred at an alum dosage of 60mg/L, when the removal efficiency of
target compounds was 17.0% (CAF), 18.5% (DCF) and 15.5% (OP), in
contrast to 27% reduction of UV 254 and 17% reduction of DOC
(Fig. 4b). The obtained results were similar to that in our previous re-
port, where perfluorooctane sulfonate and perfluorooctanoate were

Fig. 3. Removal of target compounds by treatments chain of AC-NF (a) and NF-
AC (b). Experimental conditions: NF-270 at transmembrane pressure of 100 psi,
cross flow velocity of 0.27mg/s. AC at dosage of 10mg/L in jar test.

Table 2
Adsorption capacity of AC and rejection of NF toward target compounds in
synthetic water.

Compounds (a) AC-NF (b) NF-AC Removal mechanismsa

AC
(Qe:
mg/g)

NF
(Rejection
%)

NF
(Rejection
%)

AC
(Qe:
mg/g)

AC NF

CAF 55.03 71.68 49.91 19.67 SA SE
DCF 53.89 89.81 69.25 19.81 SA+EA SE+ER
OP 56.54 79.65 64.32 18.34 SA+HI SE+AD

a SA: surface adsorption; EA: electrostatic attraction; HI: hydrophobic in-
teraction; SE: size exclusion; ER: electrostatic repulsion; AD: adsorption.

Fig. 4. (a) Removal of target compounds as a function of alum dosage; (b)
UV254 (254 nm absorbance) and DOC (dissolved organic carbon) removal as a
function of alum dosage (the natural pH=7.4).
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removed by alum coagulation with an alum dosage of 60mg/L (Xiao
et al., 2013). The mechanism of the removal of target compounds by
coagulation was mainly attributed to coprecipitation and adsorption.
Coprecipitation enables the incorporation of soluble target compounds,
especially anionic species, into a growing aluminum hydroxide phase
through inclusion or occlusion (Guo et al., 2009). Coagulation has been
extensively applied for the removal of organic pollutants and heavy
metals from aqueous solution (Khayet et al., 2011; Yuan et al., 2017).
The solution pH decreased with the addition of alum solution since
Al3+ reacts with alkalinity in the source water and produces inter-
mediate hydrolyzed aluminum species and Al hydroxide, Al(OH)3. The
reaction could be elucidated as (Xiao et al., 2013):

+ → + →
+ − + +mAl nH O Al OH nH Al OH( ) ( )m n

m n3
2

(3 )
3 (2)

It is reported that the pHpzc of freshly formed Al hydroxide flocs is
approximately 8.2 (Rakotonarivo et al., 1988). Therefore, Al hydroxide
flocs should be positively charged under mildly acidic to neutral con-
ditions. The pKa values of DCF, CAF and OP at 25 °C are 4.5, 14.0 and
10.3 respectively. In other words, DCF exists as anions in the neutral
solution while CAF and OP are present as neutral molecules. It also was
observed that the removal efficiency of DCF in solution increased with
increase in coagulant dosage. Electrostatic attraction plays a major role
in the interaction between the positively charged Al hydroxide flocs and
the anionic DCF. Additionally, a certain fraction of DCF was transferred
from the aqueous phase to solid phase through coprecipitation (Chang
et al., 2005). Besides, the decreasing final pH would lead to the im-
proved DCF removal. However, coprecipitation via inclusion or occlu-
sion seems to be unimportant for the reduction of DCF. The neutral CAF
and OP species could not be removed through co-precipitation but still
17.0% (CAF) and 15.5% (OP) removal was attained by alum at a dosage
of 60mg/L, which is slightly lower than that of DCF. Therefore, the
removal of the target compounds by coagulation could be mainly at-
tributed to the adsorption by amorphous Al hydroxide flocs (Chiang
et al., 2009). Freshly formed Al hydroxide flocs are amorphous and
extremely porous aggregates consist of a large amount of primary
particles. It is reported that the surface area of freshly precipitated Al
hydroxide flocs at neutral pH with a hydrolysis ratio of 2.5 is very large,
which approximates the surface area of activated carbon (Xiao et al.,
2013). Al hydroxide floc is a hydrophilic substance. The hydrophilicity
of CAF molecule led to a higher degree of adsorption of CAF to Al
hydroxide flocs than OP and thus a higher removal of CAF by coagu-
lation as shown in Fig. 4a. The removal efficiency of CAF and OP
dropped upon further addition of alum at> 60mg/L. The further ad-
dition of alum would result in charge reversal, i.e., producing more
positive charges, which will inhibit the adsorption of neutral com-
pounds (CAF and OP). The interaction between NOM and the target
compounds would affect the adsorption of the later onto Al hydroxide
flocs. The different removal rate of residual turbidity and target com-
pounds suggests the target compounds were not co-removed with sus-
pended solids during the coagulation-flocculation-sedimentation pro-
cess by alum at dosage from 0 to 100mg/L. Coagulation of suspended
solids is primarily resulted from physical collisions and aggregation.
However, the removal of soluble organic contaminants through coa-
gulation mainly depends on their adsorption onto Al hydroxide flocs
(Xiao et al., 2013).

3.2.2. Removal of target compounds by AC adsorption treatment
Fig. 5 shows the adsorptive removal of target compounds as a

function of AC dosage when 1.0 mg/L of target compounds was spiked
in the source water after coagulation pretreatment with alum dosage of
60mg/L. The removal trend for CAF was identical to that of OP. In-
creasing the AC dosage to>100mg/L did not significantly enhance
CAF and OP adsorption as can be seen that the removal of targeted
compounds at AC dosage of 100, 150 and 200mg/L was comparable.
The removal of DCF increased from 25% to 72% with the increase in the

AC dosage from 20 to 200mg/L, respectively. As the AC dosage in-
creased, the removal percentage of target compounds increases up to
adsorbent dose of 200mg/L. This may be attributed to an increased
sorbent surface area and availability of more adsorption sites resulting
from the increased dose of the adsorbent (Bertone et al., 2018;
Kaveeshwar et al., 2018). The AC dosage at the intersection points of
the removal and adsorption curves were chosen as the optimal AC
dosage (50mg/L) in the following experiments.

Fig. 6a shows the effect of contact time on the adsorptive removal of
target compounds by AC at a dosage of 50mg/L. It was observed that
rapid uptake of the target compounds occurred within the first 4 h due
to the availability of large uncoupled surface sites for adsorption during
the initial step of the adsorption process. The trend of the adsorption in
this study is similar with the reported in the literature (Zhu et al.,
2016). The initial rapid uptake indicated that surface bound sorption
and the slow second phase took place due to long-range diffusion of
organic molecules onto the interior pores of AC, and the micropore
filling mechanism played an important role for adsorption of target
molecules (Yu et al., 2009).

Table 3 summarizes the fitted results of kinetics data against the
pseudo-first-order and the pseudo-second-order model and Fig. 6a
shows the linearized plots based on the pseudo-second-order model.
Results show that the pseudo-second-order model was the best fitting
the sorption kinetics with relatively high correlation coefficients
(R2 > 0.999). The model calculated qe value for all target compounds
were in good agreement with the experimental qe values. The results
indicated that the adsorption capacity was dependent on the amount of
active sites on the adsorbent (de Ridder et al., 2011).

Another model, the Weber-Morris diffusional model was also used
to describe the mass transfer process (Chingombe et al., 2006). Fig. 6b
shows the relationships between t0.5 and qt, and demonstrates the two-
stage linearity. The linear plot in the first stage between the qt and t0.5

can be seen for all the target compounds. This step lasted for about 7 h
and the target compounds adsorbed are quickly diffused in AC. The
latter linearity exhibited final equilibrium stage where the intraparticle
diffusion slowed down. These results indicated that the intraparticle
diffusion was not the rate-controlling step in the sorption of these target
compounds on AC (Lin et al., 2007).

3.2.3. Removal of target compounds by NF membrane treatment
Fig. 7 shows the rejection of target compounds by NF270 membrane

in system containing 1000 μg/L of target compounds in DI and source
water pre-treated with 60mg/L alum in a coagulation process. The
rejection in DI water at neutral pH followed the order: DCF >
CAF > OP. DCF exhibited the highest rejection due to electrostatic

Fig. 5. Adsorption capacity of AC (left) and the removal rate of target com-
pounds (right) as a function of AC dosage (the reaction time 4 h).

Z. Huang et al. Journal of Environmental Management 231 (2019) 121–128

125



repulsion; while CAF and OP were not affected by electrostatic repul-
sion. It is speculated that the NOM and residual Al3+ in the source
water after coagulation pretreatment, might interact with the target
compounds that caused NF membrane fouling. Therefore, the global
rejection of target compounds spiked into the source water was in-
creased in comparison with that of DI water, which can be mainly at-
tributed to the adsorption of target compounds onto the fouling mem-
brane, especially for hydrophobic compound (OP) (Nghiem et al.,
2008). Besides, pore blocking also resulted in a considerable improve-
ment in rejection (Nghiem et al., 2008). Although fouling enhanced the
rejection of target compounds (especially for OP), it also reduced the
flux. Therefore, it is not beneficial for the total membrane process

(Chang et al., 2012a).

3.2.4. Combined coagulation-adsorption-nanofiltration treatment
A combined treatment constituted of coagulation pretreatment and

AC adsorption followed by an NF membrane separation was tested for
eliminating the target contaminants, UV254 matter and TOC in the
source water. Fig. 8a shows results of the pretreatment of source water
samples in the presence of 60mg/L alum coagulant and 50mg/L of
activated carbon adsorption followed by nanofiltration. Coagulant
pretreatment reduces turbidity of the source water to a large extent and
improves the transparency of the water samples. The average removal
percentage of the three compounds was about 17% by coagulation. AC
adsorption removed the color completely in 4 h. The removal percen-
tage for CAF, DCF, and OP after AC adsorption was 56%, 51%, and
64%, respectively. Nanofiltration almost completely removed the re-
sidual target compounds present after AC adsorption and coagulation
pretreatment. As shown in Fig. 8b, AC adsorption and NF membrane
play a dominant role on the removal of emerging contaminants. All
three target compounds, UV254 and DOC had>95% removal after the
combined treatment by AC adsorption and NF membrane separation.

3.3. Material characterization by FTIR and SEM techniques

Fig. 9a shows the FTIR spectra of the functional groups associated
with AC adsorption The broad band at 3439 cm−1 is attributed to -OH
stretching vibrations in carboxylic groups, phenol groups or adsorption
water (Sajjadi et al., 2018). The band at 1641 cm−1 is assigned to
double bond (C]C) vibration bands overlapping with the carboxylic
groups (C]O) stretching vibration. After adsorption, the band at
1641 cm−1 was blue-shifted to 1648 cm−1. The bands at around
1077 cm−1 is assigned to C-O single-bond stretching vibrations, and it
red-shifted to 1027 cm−1 after adsorption. The broad band at around
621 cm−1 suggests the presence of bisulphate ion, and/or adsorbed
carbon dioxide (Terzyk, 2001). A considerable adsorption of hydro-
phobic organic compounds, especially aromatic, organic matter was
presented by the bands at around 797 cm−1, due to the aromatic C-H
bending (Gur-Reznik et al., 2008). After adsorption, the original bands
at 1641 cm−1 and 1077 cm−1 were obviously passivated, which de-
monstrated that the NOM and the trace target compounds from source
water mainly interacted with the C]O, C]C and C-O functional groups
in AC.

Fig. 9b shows the ATR-FTIR spectra of the functional groups on the
surface of the fouled NF 270 membrane that treated source water being
spiked with target compounds and pretreated with AC adsorption. The
main functional group of the used NF membrane was ketone at a

Fig. 6. (a) Adsorption kinetics of target compounds from source water adsorbed
onto AC; (b) intraparticle diffusion model for the adsorption of target com-
pounds onto AC. (AC dosage: 50mg/L).

Table 3
Kinetic parameters for the adsorption of target compounds from source water
onto AC.

Compounds Pseudo-first-order
model

Pseudo-second-order model

R2 k2 (g/mg
h)

v0 (mg/g
min)

qe (mg/g) R2

CAF 0.925 0.069 11.01 12.59 0.999
DCF 0.800 0.116 7.98 8.292 0.999
OP 0.950 0.073 9.28 11.26 0.999

Fig. 7. Rejection of target compounds in synthetic water (D. I. water) and
spiked source water by NF membrane.
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wavenumber of around 1650 cm−1. Moreover, a clear peak at
1738 cm−1 was observed for the used NF membrane, corresponding to
the carboxylic groups such as humic and fulvic acids (Chang et al.,
2011). In general, the results indicated that the AC exhibited significant
adsorption capacity towards organic matter and effectively reduced
membrane fouling.

Fig. S1 shows an SEM image of the NF 270 membrane before and
after treating a synthetic water and source water spiked target com-
pounds. The virgin NF membrane showed the typical network-like
structure (Fig. S1a). The NF 270 membrane after treating synthetic
water without NOM is for the purpose of comparison (Fig. S1b). The
SEM image of fouled membrane (Fig. S1c) exhibited the accumulation
of a variety of foulants evenly distributed over the entire membrane
surface. The SEM image demonstrated that the main mechanism for NF
membrane fouling may be surface adsorption. The surface morphology
of the fouled NF membrane with minor colloids probably is due to
organic and microbial foulants. It was confirmed that the addition of
coagulants and activated carbon at specific dosage could minimize NF
membrane fouling significantly.

4. Conclusion

The removal behaviors of three target compounds (i.e., caffeine,
diclofenac and octylphenol) from synthetic water and source water by
combining AC adsorption and NF membrane processes were

deciphered. The adsorption isotherms of target compounds were well
expressed by the Langmuir model with maximum adsorption capacities
(Qm) of 393.7, 194.9, 724.6mg/L for caffeine, diclofenac and octyl-
phenol, respectively. Electrostatic repulsion played an important role
on the rejection by the NF membrane process. The AC-NF system
showed a higher efficiency than that of the NF-AC system. When
1.0 mg/L of target compounds was spiked in the source water, the op-
timum alum dosage was 60mg/L and the optimal AC dosage was
50mg/L. After a combined coagulation-AC-NF process, the three target
compounds, UV254 (254 nm absorbance) and DOC (dissolved organic
carbon) had > 95% removal after the combined treatment by AC ad-
sorption and NF membrane separation. The pretreatment with coagu-
lation and AC adsorption effectively alleviated NF membrane fouling.
The electrostatic and hydrophobic effects of the target compounds and
the physicochemical properties of AC and NF play a role together to
effluence the fate of the target compounds in AC-NF system. The results
provided useful information for understanding the fate of emerging
compounds in coagulation-AC-NF system and the preformation for re-
sponding to sudden and highly polluting events in water treatment
plants.
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