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a b s t r a c t
Nitrosodipropylamine (NDPA) and nitrosodibutylamine (NDBA) are two representative nitro-
samines that are known as emerging nitrogenous disinfection by-products in water with potent 
mutagenicity, teratogenicity, and carcinogenicity. In this study, laboratory-scale studies were carried 
out to concurrently remove both NDPA and NDBA from water. Key factors affecting the removal 
rate and adsorption capacity were studied. The treatment performance was heavily influenced by 
granular activated carbon (GAC) types, initial solution pH, reaction temperature, and water matri-
ces, but appeared to be affected by initial concentration slightly. Within 48 h, 0.1 g/L cocoanut 
GAC (YK), advantageous over nutshell GAC (GK), and coal-based GAC (MZ), adsorbed >90% of 
0.20 mg/L NDPA and NDBA at pH = 7 and 298 K. The adsorption kinetics and isotherm patterns 
could be well-described by pseudo-first-order reaction kinetics model and the Langmuir model. 
Thermodynamics analysis validated that the adsorption processes for both NDPA and NDBA were 
spontaneous and endothermic. Results showed that GAC might be an excellent agent to prevent 
water pollution caused by nitrosamines.

Keywords:  Adsorption; Nitrosodipropylamine (NDPA); Nitrosodibutylamine (NDBA); Kinetics; 
Thermodynamics

1. Introduction

Recently, more and more pollutants have attracted the 
attention of researchers [1–7]. Nitrosamines (NAms) [8] rep-
resent a class of emerging disinfection by-products (DBPs) 
[9–13] that are formed through reactions between natural 
organic matters and disinfectants during chlor(am)ination of 
drinking water. NAms are of a great health concern due to 

their potent mutagenicity, teratogenicity, and carcinogenicity 
[14]. Representative NAms include nitrosodimethylamine 
(NDMA), nitrosomethylethylamine (NMEA), nitrosopyrro-
lidine (NPYR), nitrosodiethylamine (NDEA), nitrosopiper-
idine (NPIP), nitrosomorpholine (NMOR), nitrosodipro-
pylamine (NDPA), nitrosodibutylamine (NDBA), and 
nitrosodiphenylamine (NDPhA) [8]. Recently, various 
NAms [15–18] have been frequently detected in water and 
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wastewater, and a few countries have started to set up their 
regulation levels in the water. The USA California health 
ministry has set 10 ng/L as standards for three kinds of typ-
ical NAms, including NDMA, NDEA and NDPA [19,20]. 
The US EPA non-controlling pollutants Detection Rule-2 
(UCMR-2) included six NAms (NDMA, NDEA, NDPA, 
NPYR, NMEA, and NDBA) into a list of test objects in the 
drinking water system [21]. Moreover, five individual NAms 
(NDMA, NDEA, NDPA, NPYR, and NDPhA) have entered 
the EPA’s Contaminant Candidate List 3 in 2009 [22]. Among 
the NAms, NDPA, and NDBA are characterized by relatively 
high molecular weights and weak polarity. Planas et al. [23] 
reported 2.4 ng/L NDBA level in a chlorinated reservoir of 
Spain. Templeton and Chen [18] measured eight NAms in 
six water distribution systems in the United Kingdom and 
found that the maximal NDBA concentration was 6.4 ng/L. 
Wang et al. [15] monitored nine NAms in the raw water and 
finished water of 12 Chinese waterworks, and found that 
NDMA, NDEA, NDBA, and NMOR were the most commonly 
detected. In particular, NDBA ranged at 1.0–19.9 ng/L and 
0.4–3.4 ng/L in raw water and finished water, respectively.

Different water treatment technologies have been stud-
ied for removal of organic matters from water, such as coag-
ulation, solvent extraction, liquid membrane permeation, 
adsorption by ion-exchange resin, and activated carbon (AC) 
[24], and advanced oxidation processes [25–27]. Amongst 
the treatments, AC-induced adsorption has increasingly 
gained great attention due to its huge specific surface area, 
tailored pore distribution, high degree of surface reactivity, 
little formation of by-products [28,29], low cost, and conve-
nient operation [30,31]. In previous studies, AC was com-
monly used as adsorbent in water treatment independently 
[32–35], such as β-ionone [36], brilliant green dye [37], and 
EDTA (ethylenediaminetetraacetic acid) [38], and adsorp-
tion kinetics, isotherm, and thermodynamics tests were 
conducted. Especially, Dai et al. [39] applied AC as sorbent 
for NDMA, and found that the adsorption process followed 
the Freundlich model, and the adsorption capacity was sig-
nificantly influenced by the micropore size, relative pore 
volume, and other surface characteristics. Nevertheless, 
multiple compounds, rather than a single one, typically 
co-exist in water in a real ambient condition. Therefore, 
it would be more appropriate to study the simultaneous 
adsorption of two or more compounds by AC from water. 
Simultaneous adsorption tests provide valuable information 
regarding the fractions of sites occupied by different solutes 
tested, their affinities towards these sites, and the lateral 
interactions between the solutes in a mixed solution [40–43]. 
AC adsorption of two representative taste and odor com-
pounds (2-isopropyl-3-methoxy pyrazine and 2-isobutyl- 
3-methoxy pyrazine) in drinking water was investigated, 
and the modified Freundlich equation best fit the experi-
mental data during the adsorption isotherm tests, and the 
pseudo-first-order kinetics well-described the adsorption 
kinetics pattern [44].

Recently, some adsorbents are used for the removal of 
NAms [45–48]. But, little literature is known on AC adsorp-
tion for a mixed NAms solution. The objective of this study 
is to explore simultaneous adsorption of traceable NDPA 
and NDBA (two representative NAms) in water. Adsorption 
kinetics, isotherm, and thermodynamics tests are conducted 

to determine the AC adsorption capacities for the both 
NAms, and evaluate the effects of AC types, pH, initial 
NAms concentrations, and water matrices on the treatment 
efficiency.

2. Materials and methods

2.1. Chemicals

All chemicals were at least analytical grade, except noted. 
Solutions were prepared using ultrapure water (18.2 MΩ cm) 
produced from a Milli-Q Water Purification system (Billerica, 
Massachusetts, USA). Standard solutions of NDPA (5 g/L) 
and NDBA (2 g/L) were purchased from Sigma-Aldrich 
(Oakville, ON, Canada). Basic physical and chemical char-
acteristics of both NAms are shown in Table S1 [8,17,18]. 
The mixing stock solutions of NDPA and NDBA (2 mg/L) 
were prepared in methanol (HPLC grade) (Sigma-Aldrich, 
Oakville, ON, Canada). Formic acid, NaOH, HCl, KH2PO4, 
and Na2HPO4 (AR grade) were purchased from Sinopharm 
Chemical Reagent Co. Ltd., China used without further puri-
fication. Phosphate buffer (pH = 7.0) was prepared by dissolv-
ing 62 g KH2PO4 and 78 g Na2HPO4 into 1 L ultrapure water 
[49]. All the glassware used in the experiments were soaked 
in an H2SO4–K2Cr2O7 solution overnight, and then rinsed by 
tap water and distilled water three times, respectively. 

2.2. Characteristics of granular activated carbon

Three commercial granular activated carbon (GAC) 
types, including cocoanut activated carbon (YK) (Calgon 
Carbon Corporation, China), nutshell activated carbon (GK) 
(Calgon Carbon Corporation, China), and coal-based acti-
vated carbon (MZ) (Activated Carbon Huaqing Group Co., 
Ltd., Shanxi, China), were used in this study. Their basic 
physical and chemical properties are shown in Table S2. 
Particularly, the structural characteristics of YK are shown 
in Table S3 [50], including the specific surface area, pore 
volume and pore size of GAC that were measured with the 
nitrogen adsorption isotherm using the Brunauer–Emmett–
Teller (BET) method (ASAP 2010 Micromeritics instrument), 
United States. Prior to all experiments, the AC materials were 
rinsed repeatedly with tap water and then ultrapure water to 
remove any fine particle and soluble materials, then dried in 
an oven at 105°C for 24 h, and finally stored in a desiccator.

2.3. Chemical analysis

NDPA and NDBA were measured using liquid chro-
matograph (LC)-mass spectrometer (MS)/MS (Waters, 
Thermo Scientific* TSQ Quantum Access MAX, USA). 
Calibration solutions (1–500 μg/L) were prepared using a 
mixed solution of 2 mg/L NDPA and NDBA. LC (Waters) 
was coupled directly to a triple stage quadrupole MS 
(Thermo Scientific* TSQ Quantum Access MAX, USA) with 
ion sources. LC Quan software was used for data acquisi-
tion and analysis. A C18 capillary column (100 mm × 2.1 mm 
i.d., 5 μm) (Thermo Scientific) was used for separation at 
30°C. The mobile phase was composed of solvent A (0.1% 
formic acid in water (Optima grade)) and solvent B (100% 
methanol) [51]. The fraction of the solvent B was increased 
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from 60% to 90% over 6 min, and then returned to 60% over 
0.10 min, followed by a 2 min re-equilibration prior to the 
next sample injection. The flow rate was 0.15 mL/min, and 
the sample injection volume was 10 μL. Positive electrospray 
ionization combined with the selected-reaction monitoring 
(SRM) mode was used. The optimization of MS conditions 
was performed by infusing a mixture of NDPA and NDBA 
(1 mg/L each in ultrapure water) using a syringe pump. The 
optimal ionspray parameters were as follows: spray volt-
age at 3,500 V, vaporizer temperature at 300°C, sheath gas 
pressure at 40 arb, aux gas pressure at 10 arb, and capillary 
temperature at 270°C. The product ions, tube lens offset, 
and collision energies (CE) were optimized for the individ-
ual analytes, as shown in Table S4. Dissolved organic carbon 
(DOC) was quantified using a TOC analyzer (TOC-VCPH, 
SHIMADZU, Japan). Zeta analyzer (zetasizer nano zs90, 
UK) was used to determine zeta potential of the GAC sur-
face. Solution pH was measured using a pH meter (PHS-3G, 
Leici Corp., China).

2.4. Adsorption procedure

All tests were carried out in 250 mL stoppered glass 
vials containing 200 mL NDPA and NDBA mixed solution 
(C0 = 0.05–0.50 mg/L). The vials were installed in a tempera-
ture-controlled orbital shaker (HYG-A, China) at a constant 
rotation speed of 160 rpm, which could maintain a desir-
able reaction temperature and provide a complete solution 
mixing state. If needed, initial solution pH was adjusted to 
a desirable value (3–11) with 0.1 M HCl and 0.1 M NaOH 
solutions. The adsorption was initiated once appropriate 
amounts of GAC were added. In a typical kinetics test, 
1 mL sample was collected with syringes at each designated 
sampling time. In typical adsorption isotherm tests, the 
adsorption reaction would proceed for 48 h prior to sam-
ple collection. Thermodynamics tests were conducted at the 
identical conditions with adsorption isotherm tests, except 
that reaction temperatures were controlled at 288, 298, 308, 
and 318 K, respectively. Once collected, the sample was 
filtered through 0.70 μm fiberglass membrane for further 
analysis. At a minimum, all experiments were performed 
in triplicate. Symbols and error bars in figures represent 
the average values and standard deviations of the data, 
respectively.

2.5. Data process

The amount of organics adsorbed per unit adsorbent 
mass is calculated as follows [50]:

q
C C V
m

t=
−( )0  (1)

q
C C V
me

e=
−( )0  (2)

where q and qe are the amounts adsorbed to GAC at time 0 
and at chemical equilibrium, respectively (mg/g); C0 and Ct 
are the concentrations of NAms in bulk solution at time 0 
and any specific time t (mg/L), respectively; V is the solution 

volume (L); m is the mass of GAC (g); Ce is the equilibrium 
concentration of NAms in bulk solution (mg/L).

The experimental data are fitted with different kinetic 
models (pseudo-first-order, pseudo-second-order, and 
pseudo-third-order) and equilibrium models (Langmuir, 
Freundlich, Temkin, and Dubinin–Radushkevich). The mod-
els are evaluated by the coefficient of determination (R2).

The three kinetics Eqs. (3)–(5) are listed as below [52,53]:
Pseudo-first-order kinetics:
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where qt and qe are the amounts of NAms adsorbed to GAC 
at any time t and chemical equilibrium (mg/g), respec-
tively; and, k1 (h−1), k2 (g/(mg h)), and k3 (g2/(mg2 h)) are the 
rate constants of pseudo-first-, second-, and third-order 
reactions, respectively.

The data in adsorption isotherm tests are used to fit the 
Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich 
equations.

The Langmuir isotherm model is listed as below [54]:

q
K a C
a Ce

L L e

L e

=
+1

 (6)

where KL is the mono-layer adsorption capacity (mg/g); and 
aL is the energy of adsorption (L/mg).

The Freundlich isotherm equation is listed as below [54]:

q K Ce f e
n=
1

 (7)

where Kf is the adsorption capacity ((mg/g)·(L/g)1/n); and n is 
the adsorption intensity.

The Temkin isotherm model is expressed as below [54]:

q RT
b

K Ce e= ( )ln Te  (8)

where b is related to adsorption energy (kJ/mol); KTe is 
the Temkin isotherm constant (L/g); R is the gas constant 
(8.314 × 10–3 kJ/K mol); and T is the absolute temperature (K).

The Dubinin–Radushkevich isotherm model is listed as 
follows [54]:
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where qm is the saturation adsorption capacity (mg/g) and 
E is the energy of adsorption (kJ/mol).

Gibbs free-energy change (∆G°) of the adsorption process 
can be determined by the classical Van’t Hoff equation [55].

∆ ° = −G RT Kln ad  (10)

where ∆G° is the free-energy change (kJ/mol); and Kad is the 
adsorption equilibrium constant determined above. ∆G° can 
also be expressed as below [55]:

∆ ° = −∆ ° − ∆ °G H T S  (11)

where ∆S° is the change in entropy (kJ/(mol K)); and ∆H° is 
the heat of adsorption at a constant temperature (kJ/mol). 
From the Eqs. (10) and (11), we can conclude:
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In Eq. (12), ∆H° can be determined from the slope of the 
linear Van’t Hoff plot (i.e., the plot of lnKad vs. (1/T)), using 
Eq. (13) [55]:
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The ∆H° corresponds to the isosteric heat of adsorption 
(∆Hst,0) with zero surface coverage (i.e., qe = 0) [56]. Kad at qe = 0 
is obtained from the intercept of the plot of ln(qe/ce) vs. qe 
at different temperatures.

3. Results and discussion

3.1. Adsorption kinetics

3.1.1. Effect of GAC types

Effect of the three types of GAC for adsorption of a mixed 
solution of NDPA and NDBA is shown in Fig. 1. For either of 
the NAms, the adsorption by any GAC type somewhat fol-
lowed a similar three-phase kinetics pattern. Within the first 
12 h, the adsorption rapidly proceeded, and the amounts 
of adsorbed pollutants eventually accounted for 50% of the 
GACs’ respective adsorption capacities. In the following 
36 h, the adsorption process slowed down. Thereafter, the 
adsorption almost reached equilibrium. Among the three 
types of GAC, YK achieved the highest adsorption capac-
ities (1.74 mg NDPA/g and 1.89 mg NDBA/g), followed 
by GK (1.58 mg NDPA/g and 1.83 mg NDBA/g), and MZ 
(1.56 mg NDPA/g and 1.82 mg NDBA/g). For any particu-
lar GAC, NDBA was slightly more readily adsorbed than 
NDPA, because NDBA was more hydrophobic due to its 
greater molecular weight (MW) and octanol-water partition 
coefficient (NDBA: MW = 144 g/mol, logKow = 2.63; NDPA: 
MW = 130 g/mol, logKow = 1.36).

Rate constants, calculated and experimental equilib-
rium adsorption capacities (qe,cal and qe,exp) and regression 

coefficients R2 during different GAC adsorption of NDPA 
and NDBA are summarized in Table 1. Pseudo-first-, second-, 
and third-order kinetics models were acceptable to describe 
the kinetics patterns of GAC adsorption of NDPA and 
NDBA in water (R2 > 0.90). Among them, the pseudo-first- 
order kinetics equation appeared to be the best one because 
it had the lowest relative difference of qe (Δqe%), which is 
defined as below:

∆ =
−

×q
q q

qe
e e

e

% %, ,exp

,exp

cal 100  (14)

Physical characteristics of GAC, especially the pore size 
distribution, are key factors affecting the adsorption perfor-
mance of GAC for pollutants [57]. The International Institute 
of Pure and Applied Chemistry (IUPAC) categorized pores 
of GAC into four types: macropores (>50 nm), mesopores 
(2–50 nm), the second micropores (0.8–2 nm), and the first 
micropores (<2 nm) [58]. GAC with abundant pores sim-
ilar to the size of target molecules has a high adsorption 
potential for target pollutants. Both NDPA and NDBA are 
hydrophobic and have very small molecular sizes, and YK 
has the largest total volumes of micropores. Therefore, YK 
was the best GAC for adsorption of NDPA and NDBA, so 
YK was used in the following test.

3.1.2. Effect of initial NAms concentration

The effect of different initial NDPA and NDBA concen-
trations (mass concentrations of NDPA to NDBA = 1:1) on 
the adsorption rates of GAC is shown in Fig. 2. qe,cal, qe,exp, and 
R2 during different initial NAms concentrations of NDPA 
and NDBA are summarized in Table 2. As Table 2 shown, 
the initial NAms concentration was a key factor to affect the 
GAC adsorption rate and capacity. At a low concentration 
(0.05–0.10 mg/L), the GAC adsorption of NDPA and NDBA 
reached chemical equilibrium within 24 h and the adsorption 

Fig. 1. Effect of GAC types on adsorption kinetics for a mixed 
solution of NDPA and NDBA (initial NDPA and NDBA concen-
trations = 0.20 mg/L, CGAC = 0.1 g/L, T = 298 K, pH = 7) (a) NDPA 
and (b) NDBA.
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capacities were 0.41 mg NDPA /g and 0.39 mg/g NDBA at the 
initial concentration of 0.05 mg/L, and 0.99 mg/g NDPA and 
1.00 mg NDBA/g at the initial concentration of 0.10 mg/L, 
respectively. However, when the initial concentrations went 
up to 0.20 and 0.50 mg/L, the adsorption rate reduced sig-
nificantly, and the adsorption was completed within 48 h. 
Meanwhile, the adsorption capacities were 1.74 mg NDPA/g 
and 1.84 mg NDBA/g at the initial concentration of 
0.20 mg/L, and 4.59 mg NDPA/g and 4.83 mg NDBA/g at 
the initial concentration of 0.50 mg/L, respectively. When 
the initial concentration of target compounds increased, the 
fractions of the target compound molecules dropped accord-
ingly, because the amounts of active adsorption sites were 
almost constant. Therefore, the reaction rate and adsorption 
capacity of GAC was greatly influenced by the initial con-
centration of target pollutants.

3.1.3. Effect of the initial pH

Effect of initial pH on the GAC adsorption of NDPA and 
NDBA is illustrated in Fig. 3, and the solution pH values and 

GAC zeta potentials before and after adsorption are shown 
in Table 3. The GAC adsorption capacities for the two NAms 
followed an order of pH 5.35 > 10.92 > 9.11 ≈ 3.23 > 6.82. 
Except at pH 3.23, the zeta potentials did not fluctuate greatly 
during the adsorption process. As shown in Table 3, the 
effect of initial solution pH was not significant in the removal 
rate. The GAC adsorption capacity increases slightly from 
1.35 mg/g at pH = 6.82 to 1.72 mg/g at pH = 5.35 for NDPA, 
and from 1.44 mg/g at pH = 6.82 to 1.83 mg/g at pH = 5.35 for 
NDBA, respectively. It seemed that the surface charge was 
not a primary factor affecting the adsorption process.

qe,cal, qe,exp, and R2 of initial pH during GAC adsorption of 
NDPA and NDBA at different initial pH are summarized in 
Table 4. At any specific pH, three models were all acceptable 
to describe the patterns of adsorption kinetics (R2 > 0.90). With 
the lowest Δqe%, the pseudo-first-order kinetics equation 
appeared to be the best one.

3.1.4. Effect of water matrices

Effect of different water matrices, including ultrapure 
water, tap water collected from the environmental labora-
tory at Tongji University (China), and raw water collected 
from Yangtze River (China), the GAC adsorption capacity 
for NDPA and NDBA is shown in Fig. 4. The basic physical 
and chemical characteristics of the tap and raw water sam-
ples are shown in Table S5. The removal efficiencies of both 
NDPA and NDBA in the ultrapure water were >90% within 
48 h, significantly greater than those in the raw water and 
tap water. Compared with ultrapure water, the tap water and 
raw water had high DOC and UV254 relatively, which sug-
gesting that organic compounds in the matrices restricted 
the GAC adsorption in some degree. Of interest, at identical 
experimental conditions, the NDBA adsorption capacity was 
slightly higher than that of NDPA.

3.2. Adsorption isotherms

Experimental and modeled isotherm data of GAC 
adsorption for NDPA and NDBA at different temperatures 
(288, 298, 308, and 318 K) are shown in Figs. S1–S4, and the 
corresponding adsorption isotherm parameters are sum-
marized in Table 5. Among the four tested models, Temkin 
isotherm was the poorest in terms of R2 (R2 = 0.8311 ± 0.0605 

Table 1
Effect of GAC types on adsorption kinetics parameters for a mixed solution of NDPA and NDBA

NDPA First-order kinetics Second-order kinetics Third-order kinetics

qe,exp 
(mg/g)

qe,cal 
(mg/g)

k1 
(h–1)

R2 Δqe 
(%)

qe 
(mg/g)

k2 
(g/(mg h))

R2 Δqe 
(%)

qe 
(mg/g)

k3 
(g2/(mg2 h))

R2 Δqe 
(%)

YK 1.74 1.73 0.09 0.9323 0.6 1.82 0.14 0.9635 4.6 2.01 0.19 0.9762 15.5
GK 1.58 1.57 0.29 0.9186 0.8 1.66 0.19 0.9602 5.1 1.83 0.25 0.9704 16.0
MZ 1.56 1.55 0.15 0.9557 0.6 1.68 0.12 0.9666 7.4 1.90 0.13 0.9699 21.5
NDBA
YK 1.89 1.93 0.07 0.9892 2.2 2.11 0.06 0.9648 11.9 2.38 0.06 0.9480 26.0
GK 1.83 1.87 0.08 0.9976 2.4 2.02 0.10 0.9751 10.3 2.25 0.11 0.9517 23.2
MZ 1.82 1.84 0.08 0.9955 0.9 1.98 0.08 0.9946 8.7 2.26 0.07 0.9944 24.0

Fig. 2. Effect of initial NAms concentration on GAC adsorption 
of a mixed solution of NDPA and NDBA (initial concentra-
tions = 0.05, 0.10, 0.20, 0.50 mg/L, CYK = 0.1 g/L, T = 298 K, pH = 7) 
(a) NDPA and (b) NDBA.
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for adsorption of NDPA and R2 = 0.7909 ± 0.0431 for adsorp-
tion of NDBA). For the NDPA adsorption, Langmuir 
(R2 = 0.9797 ± 0.0056) and Dubinin–Radushkevich isotherms 
(R2 = 0.9842 ± 0.0046) better fit the measured data than the 
Freundlich model (R2 = 0.9602 ± 0.0189). And for NDBA 
adsorption, Langmuir (R2 = 0.9796 ± 0.0081) and Freundlich 
isotherms (R2 = 0.9867 ± 0.0049) were more appropriate to 
describe the isotherm data than the Dubinin–Radushkevich 
equation (R2 = 0.9706 ± 0.0197). Therefore, the Langmuir 
model was an appropriate isotherm equation for GAC 
adsorption of both NAms molecules at 288–318 K.

3.3. Adsorption thermodynamics

Thermodynamic parameters during the adsorption pro-
cesses are summarized in Table 6. For the GAC adsorption 
of NDPA or NDBA, ∆H° and ∆S° were positive, while ∆G° 
was negative. Of note, the ∆H° values were below 20 kJ/

mol, which suggests that the removal was endothermic 
physical adsorption [59]. With the increasing temperature, 
the adsorption capacity of YK type increased, as shown in 
Figs. S1–S4. On the other side, a positive ∆S° theoretically 
confirmed that the adsorption was non-reversible, practi-
cally demonstrating that both NDPA and NDBA tended to 

Table 2
Effect of initial NAms concentration on adsorption kinetics parameters for a mixed solution of NDPA and NDBA

NDPA First-order kinetics Second-order kinetics Third-order kinetics

qe,exp 

(mg/g)
qe,cal 

(mg/g)
k1 

(h–1)
R2 Δqe 

(%)
qe 

(mg/g)
k2 
(g/(mg h))

R2 Δqe 
(%)

qe 

(mg/g)
k3 
(g2/(mg2 h))

R2 Δqe 
(%)

0.05 0.41 0.43 0.07 0.9959 4.65 0.51 0.14 0.9870 19.61 0.62 0.34 0.9819 33.87
0.10 0.99 0.99 0.12 0.9959 0 1.11 0.13 0.9926 10.81 1.30 0.17 0.9872 23.85
0.20 1.74 1.68 0.13 0.9015 3.57 1.84 0.10 0.9373 5.43 2.10 0.09 0.9482 17.14
0.50 4.59 4.63 0.08 0.9974 0.86 5.37 0.02 0.9975 14.53 6.45 0.01 0.9949 28.84
NDBA
0.05 0.39 0.39 0.12 0.9430 0 0.43 0.42 0.9690 9.30 0.50 1.54 0.9751 22.00
0.10 1.00 1.00 0.14 0.9958 0 1.12 0.15 0.9870 10.71 1.30 0.20 0.9789 23.08
0.20 1.84 1.87 0.07 0.9962 1.60 2.18 0.04 0.9961 15.60 2.63 0.02 0.9940 30.04
0.50 4.83 4.88 0.08 0.9996 1.02 5.68 0.02 0.9961 14.96 6.83 0.01 0.9923 29.28

Fig. 3. Effect of the initial pH on GAC adsorption of a mixed 
solution of NDPA and NDBA (initial concentrations = 0.20 mg/L, 
CYK = 0.1 g/L, T = 298 K, initial pH = 3.23, 5.35, 6.82, 9.11, and 
10.92) (a) NDPA and (b) NDBA.

Table 3
pH and zeta potentials on GAC adsorption of NDPA and NDBA

Initial  
pH

Final  
pH 

Initial zeta 
potential (mV)

Final zeta 
potential (mV)

3.23 2.86 0.7 10.7
5.35 5.80 –22.7 –23.6
6.82 6.34 –34.6 –34.9
9.11 8.74 –39.0 –38.5
10.92 9.62 –53.9 –45.0

Fig. 4. Effect of water matrices on GAC adsorbing a mixed solu-
tion of NDPA and NDBA (initial concentrations = 0.20 mg/L, 
CYK = 0.1 g/L, T = 298 K, t = 48 h).
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be adsorbed to GAC. The GAC adsorption entropy values 
of NDPA and NDBA was a process of continual decline 
because chaotic NDPA and NDBA molecules in water pref-
erentially moved into the relatively regular arrangement on 
the GAC surface. However, accompanied by the adsorption 

of NDPA and NDBA molecules, water molecules attached 
on the GAC surface originally were desorbed back into 
bulk solution, thus lowering the entropy. The reduction in 
entropy due to water desorption appeared to be greater than 
the increase of entropy due to NAms adsorption. Therefore, 

Table 4
Effect of the initial pH on adsorption kinetics parameters for a mixed solution of NDPA and NDBA

NDPA First-order kinetics Second-order kinetics Third-order kinetics

qe,exp 

(mg/g)
qe,cal 

(mg/g)
k1 

(h–1)
R2 Δqe 

(%)
qe 

(mg/g)
k2 
(g/(mg h))

R2 Δqe 
(%)

qe 

(mg/g)
k3 
(g2/(mg2 h))

R2 Δqe 
(%)

3.23 1.43 1.52 0.04 0.9753 5.92 1.90 0.02 0.9729 24.74 2.35 0.01 0.9736 39.15
5.35 1.72 1.75 0.05 0.9972 1.71 2.13 0.03 0.9943 19.25 2.62 0.01 0.9924 34.35
6.82 1.35 1.73 0.08 0.9790 21.97 1.97 0.05 0.9891 31.47 2.33 0.04 0.9909 42.06
9.11 1.43 1.55 0.04 0.9970 7.74 1.95 0.02 0.9935 26.67 2.44 0.01 0.9917 41.39
10.92 1.66 1.75 0.05 0.9972 5.14 2.13 0.03 0.9943 22.07 2.62 0.01 0.9924 36.64
NDBA
3.23 1.61 1.60 0.07 0.9151 0.63 1.77 0.06 0.9370 9.04 2.04 0.06 0.9460 21.08
5.35 1.83 1.82 0.06 0.9670 0.55 2.11 0.04 0.9741 13.27 2.51 0.03 0.9760 27.09
6.82 1.44 1.85 0.07 0.9919 22.16 2.13 0.04 0.9950 32.39 2.55 0.03 0.9943 43.53
9.11 1.62 1.75 0.04 0.9946 7.43 2.26 0.02 0.9880 28.32 2.87 0.01 0.9854 43.55
10.92 1.76 1.82 0.06 0.9670 3.30 2.11 0.04 0.9741 16.59 2.51 0.03 0.9760 29.88

Table 5
Adsorption isotherm parameters of GAC adsorption of NDPA and NDBA at different temperatures

NDPA Langmuir Freundlich Temkin Dubinin–Radushkevich

KL aL R2 Kf n R2 KTe b R2 qm E R2

288 4.22 5.18 0.9769 7.79 1.29 0.9720 150.14 4.95 0.8875 3.18 4.67 0.9776
298 4.64 9.83 0.9762 10.46 1.05 0.9743 124.62 5.66 0.7034 4.09 3.99 0.9863
308 5.26 14.00 0.9940 16.26 1.45 0.9829 395.35 3.63 0.9407 5.43 5.75 0.9945
318 7.05 24.15 0.9718 50.87 1.24 0.9117 1,090.06 4.65 0.7928 9.37 6.24 0.9784
NDBA
288 8.87 2.21 0.9634 10.45 1.20 0.9791 385.95 7.94 0.7730 3.36 4.65 0.9208
298 7.39 9.31 0.9814 25.83 0.89 0.9890 237.36 5.06 0.7462 6.50 3.93 0.9830
308 7.92 15.00 0.9762 43.04 1.21 0.9811 602.33 4.96 0.7434 8.01 5.89 0.9802
318 7.80 35.66 0.9972 49.53 1.38 0.9976 1,321.20 2.71 0.9010 10.39 6.76 0.9982

Table 6
Thermodynamic parameters of NDPA and NDBA adsorption by GAC under different temperatures

NDPA T (K) lnKad –∆G° (kJ/mol) ∆H° (kJ/mol) ∆S° (kJ/(mol K))

YK

288 1.095 2.621

15.689 0.0634
298 1.264 3.132
308 1.523 3.899
318 1.696 4.484

NDBA

YK

288 1.159 2.775

14.592 0.0602
298 1.341 3.323
308 1.543 3.952
318 1.731 4.577
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∆S° was positive. Additionally, a negative ∆G° indicated 
that the adsorption processes were spontaneous. It would 
be noted that the absolute values of ∆G°, ∆H°, and ∆S° for 
GAC adsorption of NDPA were greater than those of NDBA 
adsorption, which demonstrating that NDBA was more 
readily adsorbed by GAC than NDPA.

4. Conclusions

This study explored GAC as an adsorbent for the simul-
taneous removal of two representative NAms (NDPA and 
NDBA) from water. Results showed that the removal rate and 
adsorption capacity were influenced by a few factors to dif-
ferent degrees, such as GAC types, initial pH, initial NAms 
concentration, and water matrices. The adsorption could 
be appropriately explained by pseudo-first-order reaction 
kinetics model and the Langmuir model. Thermodynamics 
analysis confirmed that GAC adsorption for both NAms 
were spontaneous. These findings demonstrate that GAC is 
a potential alternative to address water pollution caused by 
NAms and other emerging contaminants.
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Supplementary information

Table S1
Molecular structures and physico-chemical parameters of NDPA and NDBA

Nitrosamines Abbreviation Molecular formula Molecular 
weight 
(g/mol)

Structure Boiling 
point (°C)

Solubility 
(g)

Unit 
cancer 
risk (10–6)

log 
(Kow)

Nitrosodipropylamine NDPA [CH3(CH2)2]2 N2O 130 NN
O

 
78 0.98 5 ng/L 1.36

Nitrosodibutylamine NDBA [CH3(CH2)3]2 N2O 144 N
N

O

 
116 0.12 6 ng/L 2.63

Table S2
Physical and chemical properties of GAC

GAC Particle size 
(mesh)

Apparent density 
(g/cm3)

Intensity  
(%)

Dry weight  
(%)

Iodine 
(mg/g)

Methylene Blue 
value (mg/g)

MZ 8 × 30 476 93 10 950 180
YK 8 × 30 430–530 90 10 1,250 200
GK 8 × 30 350–430 90 10 1,080 200

Table S3
Structural characteristics of YK

Specific surface area (m2/g) Pore volume (cm3/g) Pore size (nm)

BET Microa BJHb Totalc Microa BJHb Averaged BJHb

925 912 299 0.457 0.433 0.177 1.97 2.36
aMicro: t-plot micropore.
bBJH: cumulative pores between 1.7 and 300 nm from BJH adsorption branch.
cSingle point adsorption total pore volume at P/P0 > 0.99 (corresponding to less than 200 nm pores).
dAdsorption average pore width (4 V/A by BET).

Table S4
Product ions, tube lens, and collision energies of NAms

NAms Parent ion Product ions SRM collision energies Tube lens

NDPA 131.310 43.6, 41.6, 39.6 14, 18, 34 75
NDBA 159.310 57.5, 41.6, 39.6 12, 18, 38 77

Table S5
Basic physical and chemical characteristics of the tap water and raw water

Temperature (°C) pH Turbidity (NTU) DOC (mg/L) UV254 Hardness (mg/L)

Tap water 14.50 7.42 0.15 3.10 0.05 96.60
Raw water 7.50 8.02 3.00 5.31 0.12 199.00
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Fig. S1. Adsorption isotherms of GAC adsorption for a mixed 
solution of NDPA and NDBA at 288 K (initial concentra-
tions = 0.01–0.50 mg/L, CYK = 0.1 g/L, T = 288 K, pH = 7, t = 48 h) 
(a) NDPA and (b) NDBA.

Fig. S3. Adsorption isotherms of GAC adsorption for a mixed 
solution of NDPA and NDBA at 308 K (initial concentra-
tions = 0.01–0.50 mg/L, CYK = 0.1 g/L, T = 308 K, pH = 7, t = 48 h) 
(a) NDPA and (b) NDBA.

Fig. S2. Adsorption isotherms of GAC adsorption for a mixed 
solution of NDPA and NDBA at 298 K (initial concentra-
tions = 0.01–0.50 mg/L, CYK = 0.1 g/L, T = 298 K, pH = 7, t = 48 h) 
(a) NDPA and (b) NDBA.

Fig. S4. Adsorption isotherms of GAC adsorption of a mixed 
solution of NDPA and NDBA at 318 K (initial concentra-
tions = 0.01–0.50 mg/L, CYK = 0.1 g/L, T = 318 K, pH = 7, t = 48 h) 
(a) NDPA and (b) NDBA.
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