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sorption of humic acid by
modified aged refuse†

Aiping Zhang, *ab Weiming Chen,c Zhepei Gu,a Qibin Liac and Guozhong Shi*bd

In the present study, aged refuse (AR) was modified to be applied as an adsorbent to remove humic acid

from water. The efficiency of humic acid removal by modified aged refuse (MAR) under different

preparation conditions (calcination temperature, dose of aged refuse for calcination and holding time)

was systematically investigated. Results showed that the optimum preparation conditions are calcination

temperature ¼ 700 �C, AR dose for calcination ¼ 25 g, and holding time ¼ 2.0 h. The characteristics of

the modified aged refuse obtained under different calcination conditions were determined by Fourier

transform infrared, X-ray diffraction and X-ray photoelectron spectroscopy analysis. In addition, the

effects of modified aged refuse dose and initial solution pH on adsorption performance were studied.

The removal of humic acid increased with higher doses of modified aged refuse, and weak alkaline

(initial pH ¼ 8.0) conditions were favorable for humic acid removal. A pseudo-second order model fitted

the experimental data well. Moreover, the adsorption isotherms were well described by the Langmuir

isotherm model, in which the monolayer surface loading was calculated to be approximately 37 mg g�1.

During the adsorption process, the molecular weight, degree of condensation and aromaticity of humic

acid were considerably decreased, according to 3D-EEM analysis. MAR as a new type of adsorbent thus

provides a potential adsorption method for humic acid.
1 Introduction

Humic acid, a type of natural organic matter existing in nature,
is formed by the decomposition and/or recombination of
various plants, animals and microorganisms.1,2 It contains low
complexity or polymers of polar functional groups, such as
–COOH, –OH, –NH2, –SH, –C]O. Its abundance in soil, rivers
and lakes, and other natural conditions affects soil quality and
ecosphere stability.2,3 However, if excessive humic acid is dis-
solved in water, color deepening and increased turbidity occur;
in addition, odor may result from the association of micro-
pollutants and heavy metal complexes with humic substances.
Moreover, humic acid reacts with chlorine-containing disin-
fectant in waterwork disinfection processes, thus producing
disinfection by-products (DBPs) such as trihalomethanes and
haloacetic acids.1,4,5 These DBPs pose a threat to public health
because of their carcinogenicity, teratogenicity and
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mutagenicity. Therefore, how to remove humic acid in a water
body is a crucial water treatment problem. The main
approaches include advanced oxidation processes (AOPs),
coagulation, and adsorption.6–8

AOPs, especially the ozone method, markedly decrease the
concentration of humic acid in water. However, application of
AOPs is limited because of several drawbacks, such as the high
cost of operation and low utilization of oxidant.9–11 Coagulation
allows for simple and convenient operation in water treatment,
but the unsatisfactory production of organic sludge that must
be treated adds to the cost.2,4 Comparatively, adsorption is
efficient and convenient. There are various adsorbent materials
available,12 which have different adsorption efficiencies when
applied on different adsorbates. Some adsorbents are expen-
sive, thus limiting their use in eld applications. Consequently,
developing economic adsorbents with high adsorption capacity
has become an intensively studied area.6,13

AR is a substance that becomes stable several years aer
being buried in a landll. It has a natural multiphase porous
structure, high specic surface area, low bulk density, high
porosity and high cation exchange capacity.14–16 Given those
characteristics, AR is able to adsorb various types of organic
matter, ammonia nitrogen and many other pollutants.14,17

Recent studies have reported that AR can considerably alleviate
the chemical oxygen demand and ammonia nitrogen concen-
tration in water17–19 and the color number in dye wastewater.20

However, the effluents require advanced treatment to meet
This journal is © The Royal Society of Chemistry 2018
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strict discharge standards. With modication by calcination,
the physical and chemical structures of MAR can be changed,
and the hydrophobicity can be increased, thus increasing the
adsorption capacity for humic acid.

On this basis, in this study, AR was modied to adsorb
humic acid. We aimed to (1) optimize the preparation condi-
tions of AR modication; (2) determine the characteristics of
MAR with different calcination temperatures by using scanning
electron microscope-energy dispersive spectroscopy (SEM-EDS),
Fourier transform infrared (FTIR) spectroscopy, X-ray diffrac-
tion (XRD) and X-ray photoelectron spectroscopy (XPS); (3)
investigate the effect of the MAR dose and initial pH on
adsorption performance; (4) evaluate the adsorption properties
of MAR through kinetic tting and correlating the equilibrium
data with adsorption isotherm models including the Langmuir
and Freundlich isotherm models; (5) determine the trans-
formation of humic acid during the adsorption process, on the
basis of three-dimensional uorescence spectroscopy (3D-
EEM); and (6) investigate the mechanism of humic acid
adsorption on MAR.
2 Materials and methods
2.1 Reagents, AR and water samples

2.1.1 Reagents. 65% nitric acid (HNO3), hydrochloric acid
(HCl), sodium hydroxide (NaOH) and other chemicals from
Chengdu Kelong chemical reagent factory were of analytical
grade. Humic acid ($90%, CAS: 1415-93-6) was purchased from
Aladdin Co. Ltd., Shanghai, China.

2.1.2 MAR. AR samples used in this experiment were
collected from an anaerobic landll in Southwest China (for 15
years) and screened to 2 mm in preparation for experiments.

2.1.3 Humic acid solution. Humic acid was dissolved in
ultrapure water and diluted to the desired concentration.
2.2 Preparation of AR adsorbent

First, AR at different doses (5–30 g) was calcined in ceramic
crucibles with covers at the set temperature (200–900 �C) in
a muffle furnace. The time for warming up was set according to
the rate of temperature increase (10 �C min�1) and the target
temperature. Second, heat was maintained for certain times
(0.5–3 h); the heating was then stopped, and samples were
allowed to cool to the ambient temperature. Next, the calcina-
tion products were deashed, soaked separately in 5% HNO3 for
12 h and rinsed with ultrapure water approximately six times
until little nitric acid remained. Aer being dried in an oven at
105 �C, the AR adsorbent was used in adsorption experiments.
2.3 Adsorption experiments

Certain amounts of AR were added into 100 mL humic acid
solution (100 mg L�1) with a set pH value. Aer vibration (150
rpm) in a constant temperature vibrator, the reaction mixture
was ltered with a 0.45 mm glass ber membrane. Then, the
humic acid concentration was measured through detection of
ultraviolet adsorption at 254 nm. The adsorption amount (qe)
This journal is © The Royal Society of Chemistry 2018
and removal rate (h) were calculated with eqn (1) and (2),
respectively:21

qe ¼ Vðc0 � ceÞ
m

(1)

h ¼ c0 � ce

c0
� 100% (2)

where c0 (mg L�1) and ce (mg L�1) represent the initial
concentration and equilibrium concentration of humic acid
solution; m (g) represents the dose of adsorbent; and V (L)
represents the volume of humic acid solution.
2.4 Analytical methods

2.4.1 Characterization of AR and MAR. The surface
morphology of AR and MAR was revealed by SEM-EDS
(JSM.5900LV) at 20 kV and 3.0 nm resolution. Functional
groups were determined from FTIR spectra generated with an
FTIR spectrophotometer (Bruker VERTEX 70, Germany). XRD
spectra were obtained with an X-ray diffractometer (Puxi XD-2,
China) operated at 30 kV tube voltage and 40 mA tube
current, using Cu Ka as radiation source, in q/2q mode.

2.4.2 Determination of humic acid. The adsorbed humic
acid solution was ltered, diluted and then detected at 254 nm
on the basis of ultraviolet-visible (UV-vis, Puyuan Alpha 1500,
Shanghai, China) spectra. The humic acid concentration was
reected by a linear relationship between the concentration of
humic acid and its adsorption, as shown in eqn (3).

y ¼ 0.0325x, R2 ¼ 0.9987 (3)

In addition, to further study the change in aromaticity and
degree of condensation of humic acid, 3D-EEM (HORIBA
scientic Aqualog-UV-800C, USA) was used and operated at
a xed excited wavelength of 5 nm, a scan speed at 500
nm min�1, a range of excitation wavelength of 239–550 nm and
an emission wavelength of 230–650 nm.
2.5 Adsorption kinetics

On the basis of the optimum adsorption conditions obtained by
the adsorption experiment, the adsorption kinetic characteris-
tics of the process were investigated through detection of the
adsorption of humic acid over time. The initial pH of the humic
acid solution and the dose of the adsorbent were kept consis-
tent. A pseudo-rst-order rate equation (eqn (4)) and pseudo-
second-order rate equation (eqn (5)) described the adsorption
kinetics of the process, as shown in the following equations.22

lgðqe � qtÞ ¼ lg qe � k1t

2:303
(4)

t

qt
¼ 1

k2qe2
þ t

qe
(5)

where qt (mg g�1) is the amount of adsorption of humic acid in
solution at time t; qe (mg g�1), the equilibrium adsorption
capacity, is the amount of adsorption of humic acid in the
solution when equilibrium is reached; k1 (min�1) is the rate
RSC Adv., 2018, 8, 33642–33651 | 33643
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Fig. 1 Pictures of AR (a) before and (b) after modification; SEM-EDS of AR (c) after and (e) before modification; (d) before and (f) after
modification.
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constant of the rst-order rate equation; k2 (g (mg�1 min�1)) is
the rate constant of the second-order rate equation; and t (min)
is the reaction time.
2.6 Adsorption isotherm

Generally, the dynamic process in which adsorbents adsorb
solutes from solutions depends on the equilibrium of adsorp-
tion between the solid and liquid phases. Adsorption isotherms
are used to describe this process. The most typical of these are
the Freundlich (eqn (6)) and Langmuir (eqn (7)) isotherm
equations.22,23 The adsorption isotherm characteristics of this
process were investigated by studying the relationship between
the amount of equilibrium adsorption of AR and the residual
amount. This experiment was based on the optimum adsorp-
tion conditions for humic acid, which were obtained from
adsorption tests. In addition, the amount of added AR and the
initial pH of the humic acid solution were kept constant.
33644 | RSC Adv., 2018, 8, 33642–33651
lg qe ¼ lg kf þ 1

n
lg ce (6)

ce

qe
¼ 1

kLqm
þ ce

qm
(7)

In the above equations, kf and n are the Freundlich
constants; kL is the Langmuir constant; and qm (mg g�1) is the
maximum adsorption amount.
3 Results and discussion
3.1 Preparation of AR absorbent

In this section, the effects of the calcination temperature, AR
dose for calcination, and holding time for calcination on the
adsorption amount were systematically investigated. The details
are shown in ESI.†
This journal is © The Royal Society of Chemistry 2018
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3.2 Characteristics of AR and MAR

3.2.1 SEM-EDS analysis. SEM-EDS spectra of AR before and
aer modication are shown in Fig. 1. SEM indicated a cotton-
like surface on the AR material and a microporous surface on
the modied material, the latter of which had an improved
specic surface area and a more compact carbon skeleton.

EDS revealed abundant metals, such as C, O, Ca, Fe, Si, K,
and Ti. Non-biodegradable metals are present in municipal
solid water; thus, these metals remained in the AR. As shown in
Table 1, aer modication, the mass percentages of O, Fe, Si, K
and Al increased, notably by 8.92% for Fe. These results may be
attributable to two aspects: (i) the organic matter in AR under-
went combustion and decomposition into carbon dioxide, and
sulfates were transformed into gas; (ii) the increase in (O + N)/C
ratio suggested that the polarity of the modied material
surface increased;24,25 and (iii) because no N was detected, the
increase in O/C suggested an enhanced polarity of the modied
material surface and a consequently increased capacity to
adsorb organic matter.

3.2.2 FTIR and XRD analysis. In Fig. 2(a), the FTIR spectra
appear very similar. The peak at 3487 cm�1 reects the existence
of –OH, which might belong to an alcohol or hydroxyl.1,26,27

Adsorption at 2924 cm�1 and 1380 cm�1 was caused by –CH2–,
thus indicating that some humic acid organic compounds
remained during the calcination process.28,29 The adsorption at
2924 cm�1 was caused by C–H bonds for the same reason.28,30,31

The adsorption at 1570 cm�1 and 445 cm�1 was caused by C]
O, thus indicating that the AR included substances such as
ketone, ester and carboxylic acid.28,32 The intensity of those
peaks changed slightly. However, the vibration peak of C]O
had a red-shi, thus indicating that ether bonded organics
stabilized more in the modication process.32,33

In Fig. 2(b), the XRD spectrum, in comparison with PDF
standard cards, showed a strong diffraction peak at 21�, 26.7�,
31.48� and 50�, thus indicating the presence of high amounts of
carbon. We deduced that the material gains some characteristic
of carbon substances. In addition, the diffraction peaks at 31.4�,
33.1� and 59.9� indicated the existence of ferric oxide. The
intensity of the diffraction peaks increased with increasing
calcination temperature, thus suggesting there was more ferric
oxide aer modication.
Table 1 Composition of elements at surface of adsorbent

Element

Raw material Adsorbent

Weight% Atomic% Weight% Atomic%

CK 16.83 24.40 6.11 10.22
OK 54.51 59.33 50.48 63.39
NaK 0.55 0.42 0.94 0.82
MgK 1.23 0.88 1.22 1.01
AlK 4.28 2.76 5.93 4.41
SiK 13.72 8.51 19.22 13.75
SK 2.02 1.10 — —
K 0.90 0.40 2.39 1.23
CaK 2.86 1.24 1.70 0.85
FeK 3.09 0.96 12.01 4.32
Totals 100.00 100.00 100.00 100.00

This journal is © The Royal Society of Chemistry 2018
3.2.3 XPS analysis. Fig. 3 and Table 2 shows the XPS tting
results of different chemical states of Fe, Al, O and Si of AR
before and aer modication. Fig. 3(a) shows full range scans
of the AR and MAR, which contained Fe 2p, Al 2p, O 1s and Si
2p. The details of the chemical states of Fe 2p, Al 2p, O 1s and
Si 2p are depicted in Fig. 3(b), (c), (d) and (e), respectively. As
shown in Fig. 3(b), three main peaks were located at 710.85 eV,
713.71 eV and 724.35 eV. Specically, the peaks located at
710.85 eV and 724.35 eV corresponded to the binding energy of
Fe 2p1/2.34–36 The peak at 713.71 eV indicated the presence of
zero-valent iron.37,38 The XPS results of the Al 2p core level are
presented in Fig. 3(c). Two peaks were located at 73.71 eV and
74.46 eV for AR, and one peak was located at 74.47 eV for MAR.
These peaks corresponded to the binding energy of aluminum
oxide. Fig. 3(d) displays the XPS results of the O 1s core level.
Three main peaks were located at 530.89 eV, 531.76 eV and
532.56 eV for AR. Fig. 3(e) shows the Si 1s core level. Three
main peaks were located at 101.94 eV, 102.60 eV and 103.24 eV
for AR, and at 102.10 eV, 102.63 eV and 103.46 eV for MAR. The
three main peaks corresponded to the silicates, thus suggest-
ing that the AR before and aer modication contained
silicates.
3.3 Adsorption experiments

3.3.1 Effects of MAR dose. As shown in Fig. 4(a), with
increasing doses of MAR from 0.5 to 10.0 g L�1, although the
removal rate of humic acid increased from 5.92% to 99.49%, the
adsorption capacity decreased from 24.58 to 10.00 mg g�1. This
result might have occurred because with the increase in
absorbent dose, the active sites available for adsorption of
humic acid may have considerably increased, thus increasing
ion and/or proton exchange between active sites and functional
groups of humic acid, and consequently increasing the total
adsorption of humic acid.39 In addition, a possible reason for
the slowing humic acid removal rate is that excessive adsorbent
may have provided too many adsorption active sites; as the
adsorption process continued, the decrease in humic acid
concentration may have hindered the chemical adsorption
performance of the adsorbent. Thus, the adsorption velocity
decreased, and the removal rate of humic acid improved
slightly.

3.3.2 Effect of initial pH of solution. As shown in Fig. 4(b),
in the range of pH 5–10, with an increase in pH, the equilib-
rium adsorption amount rst increased and then decreased.
When the initial pH was increased from 5 to 8, the adsorption
amount increased from 24.40 mg g�1 to 29.18 mg g�1, and the
humic acid removal rate increased from 48.17% to 57.75%. In
a weak alkaline solution (pH � 8), the equilibrium adsorption
amount reached a maximum. The adsorption process was
facilitated by the continuous decrease in H+ concentration,
thus enhancing the activity of the base groups of AR; therefore,
the adsorption effect of humic acid was strengthened.39

However, when the pH increased above 8, the molecules in
humic acid reacted with OH� to form ions, thus enhancing
dissolution, hindering molecular adsorption, and decreasing
the adsorption amount.
RSC Adv., 2018, 8, 33642–33651 | 33645
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Fig. 2 (a) FTIR and (b) XRD spectra of the AR and MAR calcined under different temperatures.
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3.4 Adsorption isotherm and kinetics

3.4.1 Adsorption kinetics. As can be seen from Fig. 5(a), as
the adsorption gradually progressed, the MAR adsorption reached
saturation aer 70 min. Before that, with extended reaction time,
the humic acid molecules continuously diffused from the surface
into the internal pores of the modied adsorbent. The amount of
adsorption increased rapidly to 27.07 mg g�1 at 70 min and
became stable (up to 29.18 mg g�1) at 120 min. This result may be
explained as follows: given the large number of active sites in the
MAR, the gradual decrease in the concentration of humic acid and
the unoccupied active sites might exacerbate the competitive
adsorption of humic acid on the active sites and prolong the
adsorption equilibrium time. To investigate the adsorption
behavior of humic acid on modied adsorbent, pseudo-rst-order
and pseudo-second-order kinetics equations of adsorption were
applied tot the data, as shown in Fig. 5(b). In Table 3, the pseudo-
second-order kinetics equation (R2 ¼ 0.9952) had a higher corre-
lation coefficient than the pseudo-rst-order kinetics equation (R2

¼ 0.9187). The pseudo-second-order kinetic model was more
suitable for describing the adsorption kinetics of humic acid on
the surface of MAR, thus indicating that chemical adsorption may
dominate the adsorption on MAR.

3.4.2 Adsorption isotherm. The experimental data of
adsorption amounts under different temperature conditions (25 �C,
30 �C, and 35 �C) were t to Langmuir and Freundlich isotherms.

As shown in Fig. 6 and Table 4, under different temperature
conditions, the correlation coefficients of the tted curves
revealed a high level of consistency (R2 ¼ 0.9998) in the
33646 | RSC Adv., 2018, 8, 33642–33651
Langmuir model and comparative dispersion (R2 varying from
0.9534 to 0.9951) in the Freundlich model. Therefore, the
Langmuir model better described the adsorption behavior of
humic acid on MAR. Generally, the Langmuir model is suitable
for monolayer adsorption. Our results suggest that (1) only one
molecule is adsorbed by one active adsorption site, and the
surface of the modied mineralization refuse is uniform; (2)
there is no interaction between the adsorbed molecules in the
layer; and (3) a dynamic balance is achieved between adsorption
and resolution. In addition, when the reaction temperature
increased, the adsorption amount showed a decreasing trend,
thus revealing a spontaneous reaction of humic acid adsorption
on MAR.

3.5 Characterization of humic acid during the adsorption
process

The three-dimensional uorescence spectrum of humic acid is
shown in Fig. 7. The uorescence data for the humic acid used
in the experiment comprise only one peak, which represents the
fulvic acid in the ultraviolet region with Ex/Em ¼ 235–255/320–
350 nm. This type of fulvic acid arises from organic compounds
of low molecular weight and high uorescence efficiency, and it
exists both in landll leachate and in leachate concentrate in
abundance. Its molecular structure is stable, owing to low
molecular weight organic matter.

As shown in Fig. 7, with an increase in adsorption time to
90 min, the uorescence intensity of fulvic acid in the ultraviolet
region decreased from 682.36 in the original solution to 302.71.
This journal is © The Royal Society of Chemistry 2018
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Fig. 3 XPS graphs of AR and MAR: (a) full range scan; (b) Fe 2p; (c) Al 2p; (d) O 1s; (e) Si 1s.

Table 2 Variation of binding energy of different elements before and
after modification of AR

Element Biding energy AR MAR

Al 73.71 1549.11 896.76
74.46 910.64 652.29

O 530.82 34 236 32 349
531.68 41 398 38 821
532.51 31 564 34 354

Fe 710.83 9789 8015
713.59 1622 2282
724.37 5098 5947

Si 101.96 2999 4199
102.66 3063 4481
103.31 2416 3771
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The removal rate of fulvic acid in the ultraviolet region reached
55.64%. However, the location of the uorescence peak changed
slightly, possibly because (1) on the one hand, the amount of
carbonyl, aromatic base and other unsaturated groups in the
substance of fulvic acid was high in humic acid solution, and
remained high in the reaction solution, so the peak strength
showed a less obvious decrease; and (2) on the other hand, when
the humic acid concentration was low, a blue-shi of the uores-
cence peak should appear, but aer adsorption, the absorption
group would decrease, and a red-shi of the uorescence peak
should be observed. These two effects canceled each other out and
resulted in only slight movement of the uorescence peak.

3.6 Comparison of different adsorbents for adsorption of
humic acid

A comparison of different adsorbents for adsorption of humic
acid was performed, and the conditions and adsorption effects
are shown in Table 5.
This journal is © The Royal Society of Chemistry 2018
The adsorption effects of different adsorbents vary greatly, as
shown in Table 5 and previous work. For example, Maghsoo-
dloo40 has used activated carbon (at 25 �C, initial pH 4) to
RSC Adv., 2018, 8, 33642–33651 | 33647
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Fig. 5 (a) Adsorption amounts and (b) adsorption kinetics fitting curves.

Table 3 Adsorption kinetics fitting

Kinetic model k1 (min�1) Calculated qe (mg g�1) R2 Experimental qe (mg g�1) Relative error (%)

Pseudo-rst order 0.092 28.72 0.9187 29.18 1.60
Pseudo-second order 0.002 32.79 0.9952 29.18 11.0

Fig. 6 Adsorption isotherms: (a) Langmuir and (b) Freundlich fitting.

Fig. 4 Effects of (a) adsorbent dose and (b) initial pH of the solution on adsorption performance by MAR.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 3

/5
/2

02
6 

1:
51

:5
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
adsorb humic acid and concluded that at the adsorption time of
100 minutes, the adsorption amount was approximately
55.8 mg g�1. Derakhshani1 compared the humic acid
33648 | RSC Adv., 2018, 8, 33642–33651
adsorption performance of bentonite and montmorillonite
nanoparticles, which had absorption amounts of 58.21 and
48.20 mg L�1, respectively, under conditions of an initial pH of
This journal is © The Royal Society of Chemistry 2018
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Table 4 Results of fitting adsorption isotherm

Temperature
(�C)

Langmuir Freundlich

kL
qm
(mg g�1) R2 kf n R2

25 0.0817 37.3134 0.9998 22.2255 0.1035 0.9534
30 0.0766 37.0370 0.9998 18.3738 0.1195 0.9628
35 0.0700 36.9003 0.9998 18.1009 0.1219 0.9951
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3, a temperature of 25 �C, and an adsorption time of 60 min.
Wu41 used quaternary ammonium cationic cellulose (at
44.85 �C, initial pH 8) to adsorb humic acid and has reported
a humic acid adsorption amount of 622 mg g�1 at 120 min. In
the present study, AR was modied to improve humic acid
adsorption. Under conditions with an initial pH 8, an adsorp-
tion temperature of 25 �C, and an adsorption time of 120 min,
the adsorption capacity was 29.18 mg g�1. Although the
adsorption amount was lower than those of activated carbon
and quaternary ammonium cationic cellulose, the AR materials
were inexpensive, thus allowing for extensive application of AR
and increasing the utilization rate of resources.
Fig. 7 3D-EEM of humic acid during adsorption of MAR over time: (a) AR
(f) change in fluorescence peak values over time.

Table 5 Comparison of adsorption amount of humic acid on different a

Adsorbent Initial pH

MAR 8
Granular active carbon36 4
Bentonite1 6
Montmorillonite nanoparticles1 3
Quaternary ammonium type of cationic
cellulose37

8

This journal is © The Royal Society of Chemistry 2018
3.7 Adsorption mechanism of humic acid on MAR

The physical and chemical characteristics of AR were substan-
tially changed by calcination. The specic surface area and the
amount of polar functional groups increased, and the adsorp-
tion performance improved. Overall, the mechanisms of
adsorption of humic acid on MAR were mainly attributed to two
aspects: chemical adsorption and physical adsorption.

Under acid conditions, chemical adsorption is dominant.
The carboxyl of humic acid undergoes ion and/or proton
exchange reactions with the reactive sites of MAR with hydroxyl
groups. Hydroxyl groups on the adsorbent combine with H+ in
solution, thus resulting in greater hydroxyl group exchange and
the formation of (–OH2

+), according eqn (8). Furthermore,
proton exchange reactions occur between –OH2

+ and the
hydroxyl group with outer complexes (eqn (9)). Finally, the inner
complex is formed by ligand exchange, according to eqn (10).

AR � OH + H+ / AR � OH2
+ (8)

AR � OH2
+ + HA � C(O)O� 4 AR �

OH2
+O� � C(O) � HA (9)
humic acid matrix, (b) 10min, (c) 30 min, (d) 60min, and (e) 90min; and

dsorbent

Temperature (�C) Time (min) qm (mg g�1)

25 120 29.18
25 60 55.8
25 60 58.21
25 60 48.20
44.85 120 622

RSC Adv., 2018, 8, 33642–33651 | 33649
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AR � OH2
+O� � C(O) � HA 4 AR � OC(O)

� HA + H2O (10)

In neutral and weak alkaline conditions, humic acid exhibits
substantial proton loss and exists as free ions in solution, thus
inhibiting the chemical adsorption to some extent. However,
the porous structure of AR, especially aer modication,
tempers the negative effect via physical adsorption.
4 Conclusion

Aer modication (calcination temperature ¼ 700 �C, AR dose
for calcination ¼ 25 g, and holding time ¼ 2.0 h), the MAR
showed a porous structure, and metal oxides were generated. In
addition, the AR before and aer modication both contained
surface polar functional groups. Under optimum conditions
(MAR dose ¼ 2 g L�1 and initial pH ¼ 8.0), the removal rate of
humic acid reached 99.49% at 70 min, and adsorption equi-
librium was achieved in approximately 120 min. A pseudo-
second order model t the adsorption kinetics well. The
adsorption isotherms were better described by the Langmuir
isotherm model, and the monolayer surface loading was
calculated to be approximately 37 mg g�1. On the basis of 3D-
EEM results, humic acid in the solution was efficiently
removed. The mechanism of humic acid adsorption by MAR
was attributed to two aspects: physical adsorption by a porous
structure and chemical adsorption by ions and/or proton
exchange between hydroxyl active sites and functional groups of
humic acid. Overall, MAR as a new type of adsorbent was
demonstrated to be an economical and promising method for
humic acid removal from aqueous via adsorption.
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