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Abstract

The current disposal of waterworks sludge (WS) by landfill or discharge into water body results 
in land consumption and environment pollution. To solve the problem, alum-based waterworks 
sludge (AWS) was reclaimed and reused to develop adsorbent for aqueous tetracycline hydrochloride 
(TCH) removal. WS was modified using HCl solution and Fe2+/Fe3+ coprecipitation to get acidized and 
magnetized waterworks sludge (Fe3O4@HAWS) for the improvement of its adsorption capacity and 
separation efficiency. Fe3O4@HAWS was used as adsorbent to test its static TC adsorption performance. 
The results suggested that the TCH adsorption was a pH dependent process, and the maximum TCH 
adsorption by Fe3O4@HAWS was achieved at pH 5 at 25ºC in the pH range of 3-10. Among the three 
kinetic models, the pseudo-second-order equation best characterized the adsorption process, while the 
Freundlich equation best described the adsorption process. The thermodynamic study indicated that the 
adsorption process was spontaneous and exothermic. The investigation demonstrated that the composite 
was successful for aqueous TCH adsorption and spent adsorbent separation, providing not only  
a unique notion for the sustainable and environmentally friendly treatment and disposal of WS, but also 
a novel solution for TCH-containing wastewater treatment.
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Introduction

Antibiotics have been developed and used for 
microorganism-related diseases for both human and 
animal successfully, with an annual consumption 
of about 105-2×105 tons globally [1, 2]. Among the 
antibiotic, tetracyclines (TCs) are ranked second 
globally whereas first in China both in term of 
production and consumption [3-5]. 

TCs are widely applied for disease therapy and 
livestock feed due to their broad-spectrum resistance 
to various kinds of pathogenic bacteria [6, 7]. However, 
only a very little fraction of the TCs can be absorbed or 
metabolized by living organisms because of its stable 
structure and strong anti-degradation [8, 9], and the 
majority of TCs intake are released into the environment 
through urine and feces [9, 10]. As a result, a large 
quantity of TCs has been released into the environment 
via drug manufacturing wastewater, animal and 
agricultural wastes [11], resulting in bacterial resistance 
and high antibiotic resistance risk [12-14], and exposure 
to antibiotic could lead to metabolic and immune 
diseases [15, 16]. Hence, it is critical to remove TCs 
from wastewater before it is dumped into water bodies. 

For TCs-bearing wastewater treatment, a variety 
of approaches have been tried, including advanced 
oxidation processes [4, 17, 18], bio-degradation 
[19], adsorption and membrane technology [20-23]. 
Adsorption is acknowledged as an efficient technique 
for TCs removal due to its merits including easy 
operation, tiny secondary pollution, low cost and low 
energy consumption [24]. Adsorbents with a cheap 
cost and high capacity are essential for adsorption 
technology use.

Coagulation/flocculation is a very important 
procedure for drinking water production in surface 
water treatment plants all over the world. Inorganic 
coagulant, including alum-based and iron-based 
coagulants are widely used for turbidity removal from 
raw water globally [15, 25]. The flocs generated by 
the hydrolyzed coagulants with the suspended solid and 
colloid settle in the sedimentation tank, resulting in a 
massive amount of waterworks sludge (WS) including 
alum-based WS (AWS)  andiron-based WS (IWS) 
on a global scale [19, 26, 27]. Hydrolyzed coagulants, 
silica, clay minerals, and dissolved organic materials 
are common constituents of WS [28]. The expenses of 
WS disposal are enormous and continue to rise as rules 
become tighter [29].

The recycling and reuse of the WS is a feasible 
alternative to solve the problem of WS disposal, and 
the WS has been used for coagulant recovery and reuse 
[30], sewage sludge dewatering [31], clay brick and 
concrete production [32, 33]. Additionally, WS has been 
confirmed to be effective for pollutant adsorption due 
to its abundant active components transformed from the 
coagulant. For instance, Hou et al. reported that four 
kinds of alum sludge collected from different water 
treatment plants had phosphorus adsorption ranging 

from 2.06 to 6.06 mg/g, which was affected by the Al 
and Ca contents and initial phosphorus concentration 
[34]. Hak et al. used the adsorbent prepared by the 
hydrothermal treatment of ABWS obtained from a 
water treatment plant for fluoride and arsenic removal 
from water, with the maximum adsorption  of 7.6 and 
5.6 mg/g for fluoride and arsenic, respectively [35]. Our 
previous study found that IWS treated with 1 mol/L 
H2SO4 had the highest phosphorus adsorption capacity 
of 4.79 mg/g when compared to the raw IWS and IWS 
treated with 0.5, 2 and 3 mol/L H2SO4 [36]. Besides, 
WS was also found effective for the removal of other 
pollutants such as As(V), Mo(VI) and dyes, etc. [37-39].

Despite the successful adsorption of various 
pollutants, challenging separation of sludge from 
the solution following adsorption limits its practical 
applicability. Magnetization has been used successfully 
to increase particle adsorbent separation from water. 
For instance, Zou et al. synthesized magnetic bentonite 
and used it to remove Pb(II) from water. The spent 
adsorbent could be easily removed from the solution 
due to its superparamagnetic nature [41]. There has 
been very little study on TCH adsorption utilizing 
magnetized WS. 

As a result, AWS was activated by HCl and 
magnetized using Fe2+/Fe3+ coprecipitation in sequence 
to increase its pollutant adsorption and facilitate its 
separation from water,  allowing AWS to be reused 
in a unique method and providing fresh insight into 
TCH removal. In this investigation, the produced 
composite was utilized as an adsorbent to remove 
TCH fr its aqueous solution. pH, reaction duration, and 
temperature were explored as influencing variables.

Experimental  

Preparation of HCl modified AWS (HAWS)

WS used in this study was collected from a drinking 
water treatment plant in Zhengzhou, China, which 
was dried in the open air for several days before being 
dried in a drier at 105ºC for 2 h. The dried WS was 
crushed and passed through 0.15 mm screen mesh.  
10 g AWS was combined with 20 mL HCl solution at a 
concentration of 1.0-3 mol/L, and ultrasonically treated 
for 5 min. To get the HAWS, the slurry was centrifuged, 
rinsed with deionized water, and dried at 105ºC to get 
the HAWS.

Magnetized HAWS (Fe3O4@HAWS) was prepared 
using the Fe2+/Fe3+ coprecipitation described in the 
publication. In particular, 20 g (S1), 10 g (S2), 5 g (S3), 
2.5 g (S4), 1.25 g (S5), and 0 g HAWS (pure Fe3O4), 
6.3 g FeCl3·6H2O and 4.2 g FeCl2·7H2O were combined 
in 100 mL of deionized water in a three-necked flask  
in water bath with vigorous stirring. When the 
temperature of the water bath reached 90ºC, 10 ml of 
ammonia was promptly added to the mixture, and the 
mixture was reacted for 1 h at that temperature. To get 
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Fe3O4@HAWS, the black precipitate was recovered, 
washed multiple times with deionized water, and dried 
at 50ºC.

Characterization 

The X-ray florescence (XRF, Smartlab 3kw, Rigaku 
Ltd., Japan) was used to analyze the compositions of 
AWS, HAWS and Fe3O4@HAWS. XRD patterns of 
AWS, HAWS and Fe3O4@HAWS were acquired with 
an X-raydiffractometer (Smartlab 3kw, Rigaku Ltd., 
Japan). FTIR spectra of HAWS, Fe3O4@HAWS before 
and after TCH adsorption were obtained using a FTIR 
spectrum (Nicolet 5700, thermo Nicolet Ltd., USA) to 
investigate the surface functional groups. The surface 
area of AWS, HAWS and Fe3O4@HAWS was measured 
using N2 adsorption isotherm with a model of Brunauer, 
Emmett, and Teller (Autosorb-I, Quantachrome, USA).
The zero point charge (pHPZC) was measured using the 
approach [42]: In conical flasks, 25 mL of NaCl solution 
(0.1 mol/l) with pH values ranging from 3 to 10 were 
combined with 0.05 g Fe3O4@HAWS. The conical flasks 
were shaken at 150rpm in a shaker for 48h at 25ºC. The 
mixtures were filtered through 0.45 μm, and the pH of 
the resulting solution was determined using pH meter 
(pHs-3c, INESA Scientific Instrument Co., Ltd., China).
The ∆pH between the final pH and the initial pH was 
plotted against the initial pH. The pHPZC of Fe3O4@
HAWS was defined as the intersection of the curve and 
the horizontal line of ∆pH = 0. 

Preparation of the Artificial Wastewater

The wastewater used in the experiment was 
synthesized by adding tetracycline hydrochloride (TCH, 
molecular structure in Fig. 1) in the deionized water, 
and the pH value of the wastewater was adjusted using 
0.1 mol/L HCl and NaOH solutions.

Adsorption Studies

Batch adsorption experiment was carried out in the 
following way: 0.01g of Fe3O4@HAWS was mixed with 
20 mL of TCH solution in conical flask. The mixture 
was reacted in a shaker at 120 rpm for various time 
intervals. The mixture was centrifuged at 2000 rpm 
for 5 min before being filtered through a 0.45 μm 

membrane filter. A UV-Vis spectrophotometer (UV-
5100, Yuanxi Instruments, Shanghai, China) was used 
to measure the residual TCH content in the filtrate at 
358 nm. The quantity of TCH adsorbed by Fe3O4@
HAWS was determined using the following equation:

m
VCCq e )( 0 −=

                     (1)

where q was the amount of TCH adsorbed (mg/g), C0 and 
Ce were the initial and the equilibrium concentration of 
TCH (mg/L), respectively, V was the volume of solution 
(L) and m was the Fe3O4@HAWS mass (g) used for the 
experiment.

Results and Discussion

Determination of the Best Condition for Fe3O4@ 
HAWS Preparation

As shown in Fig. 2a) and 2b), HAWS treated using 
2.5 mol/L HCl for 10 min had the highest TCH removal 
of 92.74 mg/g and 48.18 mg/g, respectively. Fe3O4@
HAWS produced with varying HAWS doses (S1-S5) 
performed better for TCH adsorption than HAWS and 
pure Fe3O4 (S6) for TCH adsorption, and S1 had the best 
TCH adsorption of 65.06 mg/g (Fig. 2c). Meanwhile, S1 
exhibited the third largest saturation magnetic induction 
of 23.99 emu/g among the six samples, making 
separation from solution easier (Fig. 2d). As a result, the 
optimal condition for Fe3O4@HAWS preparation was 
the WS modified with 2.5mol/L HCl for 10 min to get 
the HAWS, and 5 g HAWS and 6.3 g FeCl3·6H2O and 
4.2 g FeCl2·7H2O was used to prepare Fe3O4@HAWS, 
which was used to carry out the following study.

Characterization of the Material

As shown in Table 1, AWS, HAWS and Fe3O4@
HAWS contained abundant SiO2, which came from the 
inorganic solid in the raw water. Coagulants employed 
in the waterworks for drinking water purification were 
the main source of Al2O3 and Fe3O4 in AWS. Calcium 
oxide content decreased from 11.98% for WS to 0.72% 
for HAWS due to HCl dissolution. After modification 
using Fe2+/Fe3+ coprecipitation, the Fe3O4 content of 
Fe3O4@HAWS increased to 42.46% dramatically. The 
SBET and the total pore volume of HAWS increased 
from 31.48 m2/g to 35.88 m2/g, and from 0.017 cm3/g to 
0.020 cm3/g after HCl treatment, respectively, and the 
two parameters of Fe3O4@HAWS were greatly enlarged 
after modification using Fe2+/Fe3+ coprecipitation, which 
was favorable for the adsorption process.

As shown in Fig. 3a), the raw WS contained 
quartz, calcite and albite. After treatment by HCl,  
the diffraction peaks of calcite largely vanished for Fig. 1. The molecular structure of TCH.
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HAWS, which was consistent with the result obtained 
from XRF analysis. The diffraction peaks of magnetite 
occurred in the spectra of Fe3O4@HAWS at 2θ = 30.4°, 
35.8°, 43.5°, 54°, 57.5° and 63°, indicating the successful 
modification using  Fe2+/Fe3+ coprecipitation. 

As shown in Fig. 3b), the peaks at 3454 cm-1 and 
1637 cm-1 belonged to the vibration of -OH for HAWS 
[43, 44], and the peaks at 1035 cm-1 belonged to Si-O-Si 
stretching [45]. In contrast to HAWS, the peaks of -OH 
of Fe3O4@HAWS shifted to 3442 cm-1 and the peaks 

Fig. 2. Determination of the best condition for Fe3O4@HAWS preparation: effect of HCl concentration on TCH adsorption by HAWS a) 
(C0 = 25 mg/L, Temperature = 35ºC, reaction time = 24 h); effect of HCl treatment time on TCH adsorption by HAWS (C0 = 25 mg/L, 
Temperature = 15ºC, reaction time = 24 h); effect of ration of Fe3O4 to HAWS on TCH adsorption by Fe3O4@HAWS (C0 = 25 mg/L, 
Temperature = 25ºC, reaction time = 24 h);VSM curve of Fe3O4@HAWS at different ratio of Fe3O4 to HAWS.

Table 1.  Main compositions, specific areas and total pore volumes of AWS, HAWS and Fe3O4@HAWS.

Compositions
Oxide percentage (%)

AWS HAWS Fe3O4@HAWS 

SiO2 32.35 41.86 26.69

Al2O3 13.70 14.27 9.00

Cao 11.98 0.72 0.35

Fe2O3 10.08 11.32 42.46

N 1.66 1.26 1.05

K2O 1.31 1.73 1.11

Ignition loss 26.05 25.81 17.36

SBET(m2/g) 31.48 35.88 92.59

Total pore volume (cm3/g) 0.017 0.020 0.048
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area at 1035 cm-1 decreased due to the modification. 
After TCH adsorption, the peaks of -OH shifted  
to 3421 cm-1, and 1630 cm-1, respectively, indicating 
their involvement into the adsorption. The typical  
peak at 1459 cm-1 belonged to C-O stretching in 
aromatic compound [46] appeared in the spectrum of 
Fe3O4@HAWS, indicating the adsorption of TCH on its 
surface.

AWS had uneven form (Fig. 3c). After treatment by 
HCl solution, HAWS presented a typical sheet structure 
(Fig. 3d). Because of the form of Fe3O4, Fe3O4@HAWS 
had a rougher surface with numerous tiny particles and 
holes following modification by Fe2+/Fe3+ coprecipitation 
(Fig. 3e), and the surface of Fe3O4@HAWS became 
smooth as a result of TCH buildup and TCH filling of 
the pores (Fig. 3d).

Result and Discussion 

Effect of Initial Solution pH

Solution pH plays a critical role in the adsorption 
process due to the fact that it can affects both the 
surface charge and existing form of TCH. As shown 
in Fig. 4a), the pHpzc of Fe3O4@HAWS was around pH 
6.48, indicating its surface was positively charged in 
the pH range 3-6.48, whereas negatively charged when 
pH was over 6.5. As shown in Fig. 4b), TCH uptake 
increased from 18.48 mg/g to 35.84 mg/g as the pH rose 
from 3-5, and deceased to 7.00 mg/g as the pH increased 
to 10. In the pH range of 3-5, the major existing forms 
of TCH were H4TC+ and H3TC, and H4TC+ content 
decreased with the rising pH, leading to the decreased 
repulsion, whereas, the increased TCH2

0 content with 
rising pH resulted to better adsorption because the 

Fig. 3. XRD patterns of AWS, HAWS and Fe3O4@HAWS a), FTIR spectra of HAWS and Fe3O4@HAWS before and after TCH adsorption 
b), SEM morphologies of AWS c), HAWS d), Fe3O4@HAWS e) and Fe3O4@HAWS f).
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neutral molecular was easier to approach to the surface 
of Fe3O4@HAWS. AS the pH increased from 5 to 10 
the dominant forms of TCH consisted of TCH2

0, H2TC- 

and HTC2-, and the increasing negatively charged 
TCH species with rising pH led to the decreased TCH 
adsorption, and the competition between the OH- and 
H2TC- and HTC2- was another reason that weakened 
TCH adsorption.

Kinetic Study

Pseudo-first order (PFO), pseudo-second order 
(PSO) and Elovich equations were utilized to analyze 
the experimental data to further explore the adsorption. 
The linear forms of the three equations are as follows:

          (2) 

                     (3)

                   (4)

Where qt and qe (mg/g) was the Cr(VI) uptake quantity 
at time t and the equilibrium, respectively; k1 (min-1) 
and k2 (g/mg·min) were the PFO and PSO rate constants; 

Fig. 5. TCH adsorption as a function of reaction time a), linear fitting plots of pseudo-first order model b), pseudo -second order  
model c), Elovich model d).

Fig. 4. Determination of pHPZC a), TCH adsorption by Fe3O4@
HAWS as a function of initial solution pH b) (C0 = 20 mg/L, 
T = 24 h, Temperature = 25ºC).
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Temkin Model

This model assumes a linear decrease in the 
adsorption heat of molecules with coverage because 
of the interactions between adsorbate and adsorbent.  
The linearized form is expressed as:

                (7)

                               (8)

where R [(8.314 J/(mol K)] is ideal gas constant, T (K) 
is the reaction temperature, B (J/mol) is the Temkin 
constant, and A (l/g) is the binding constant. 

D-R Model

The D-R model is usually adopted to describe the 
adsorption with a Gaussian energy distribution. Its 
linearized form is expressed as:

                 (9)

                 (10)

                        (11)

where k is the D-R constant (mol2/ kJ2). 

F-H Model

The model was developed to describe the surface 
coverage degree of adsorbate onto adsorbent, which is 
shown as:

             (12)

                    (13)

where KFH is equilibrium constant, nFH is the number 
of adsorbate ions occupying active sites, and θ is the 
surface coverage degree. 

As shown in Fig. 6a), TCH uptakes increased  
with the rising TCH concentrations at equilibrium 

α (mg/g·min) and β (g/mg) were the adsorption rate, and 
the Elovich constant.

The variation of TCH adsorption as a function 
of reaction time is shown in Fig. 5a), and Fig. 5(b-d) 
show the linear fitting results of PFO, PSO and Elovich 
models. As shown in Table 2, the correlation coefficients 
(R2) of the PSO equation were highest among those 
of the three equations, indicating the PSO equation 
was most suitable to describe the adsorption process,  
and chemisorption was dominant for the adsorption 
process. 

Isotherm and Thermodynamic Studies

To further understand the adsorption mechanism, 
five isotherm models, including Langmuir, Freundlich, 
Temkin, Dubinin-Radushkevich (D-R), and Flory-
Huggins (F-H) models were adopted to analyze the 
experimental data. 

Langmuir Model

This model was used to describe the monolayer 
adsorption on homogeneous surface. The linearized 
form is shown as:

m

e

me

e

q
c

bqq
c += 1

                      (5) 

where b (L/mg)  is  the Langmuir constant, qm is the 
maximum monolayer adsorption capacity (mg/g) at 
equilibrium. The plots of ce versus ce/qe are shown in 
Fig. 6b).

Freundlich Model

The model was developed to describe a multilayer 
adsorption process on a heterogeneous surface, which 
is shown as:

efe C
n

kq log1loglog +=
              (6)

where kf (mg/g) and n are the Freundlich constants 
related to adsorption capacity and adsorption intensity, 
respectively. The plots of lnce versus lnqe are shown in 
Fig. 6c).

Table 2. Parameters obtained from the three kinetics models for TCH adsorption by Fe3O4@HAWS.

C0
(mg/L)

PFO model PSO model Elovich

Q k1 R2 Q k2 R2 α β R2

20 4.964 0.0024 0.8395 42.37 0.00019 0.9899 17.325 8.1395 0.9885

40 38.467 0.0042 0.9252 57.80 0.000203 0.9930 16.829 10.496 0.9826
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Fig. 6. The relationship between TCH adsorption capacity and its concentration at equilibrium a), the linear fitting by Langmuir  b), 
Freundlich c), Temkin (d), D-R e), and F-H model f), and the relationship between lnk vs. 1/T g). 
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due to the further adsorption created by the higher 
concentration differential between the solution and 
surface of when the origin TCH concentration was 
increased. Meanwhile, TCH uptake increased with 
rising temperature, indicating higher temperature was 
favorable for the adsorption process. Fig. 6(b-f) shows 
the linear fitting results using the five models, and the 
parameters obtained from the models are shown in 
Table 3, all the three R2 values of Freundlich model 
were highest among the five models, indicating 
Freundlich model was best to describe the adsorption, 
and muti-layer adsorption occurred during the 
adsorption process.

                   (14)

              (15)

where ΔG0, ΔS0and ΔH0were the Gibbs free energy 
change (kJ/mol), the standard entropy change (J/mol·K), 
and the standard enthalpy change (kJ/mol), respectively. 
k was the themodynamic constant  (L/g) which could be 
obtained from intercepts in Fig. 6g).

As given in Table 4, the ∆G0 values at the three 
temperatures were negative, indicating TCH adsorption 
by Fe3O4@HAWS had a spontaneous nature, and 
the lowering ∆G0 values with the rising temperature 
revealed that higher temperature was favorable for 
the adsorption process. Furthermore, the ∆H0 value 
was positive, revealing the adsorption process had an 
endothermic nature.

 Conclusions

In this study, AWS was modified by acid activation 
and Fe2+/Fe3+ coprecipitation to get an effective Fe3O4@
HAWS composite for aqueous TCH elimination. The 
batch static experiments was conducted to test the TCH 
adsorption performance of the composite. The results 
showed that TCH uptake was closely related with the 
solution pH, which increased in the pH range of 3-5, 
and decreased as the pH increased to 10. The adsorption 
process fitted the pseudo-second-order equation best 
among the three kinetics models, and Freundlich 
equation was better than the other four models to 
describe the adsorption. The thermodynamics analysis 
indicated the adsorption process had a spontaneous and 
exothermic nature. The study offers not only a new 
solution to the land consumption and environmental 
contamination caused by the current disposal of AWS, 
but also a novel insight into the TCH-containing 
wastewater treatment. The reusability of the composite 
and its application for industrial wastewater treatment 
will be investigated in the next study.
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