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86.11%, respectively. In the kinetic experiments, 
the adsorption process achieved equilibrium within 
90 min and generally conformed to the quasi-second 
kinetics model. The results demonstrated that UiO-66 
and UiO-66-NH2 can be used over a wide range of 
pH for removal of most HMs on a large scale. Mean-
while, the adsorbents maintained excellent adsorption 
capacity after at least 3 cycles. Overall, UiO-66 and 
UiO-66-NH2 have a high potential for practical appli-
cation on the recovery of heavy metals in the complex 
wastewater from animal farms.

Keywords  Animal wastewater · Heavy metals · 
Zr-MOFs · Absorption and reduction

Abstract  Concentrated pig production is a major 
source of environmental pollution. Metal–organic 
frameworks (MOFs) show potential for reducing 
heavy metal pollution. Two zirconium-based octahe-
dral MOFs, UiO-66 and UiO-66-NH2, were prepared 
by solvothermal method and were characterized by 
XRD, SEM, FT-IR, and BET. The adsorption capac-
ity, treatability, and reusability of the adsorbents were 
tested in batch experiments. The optimum adsorbent 
dosage was 4  g/L, and the maximum removal rates 
at room temperature of chromium  (Cr), manganese 
(Mn), iron (Fe), nickel (Ni), and Arsenic (As) on 
UiO-66 were 76.93%, 93.73%, 88.81%, 83.30%, and 
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1  Introduction

The global population was growing rapidly, with 
rapid increase from the 5 billion in 1987 to a stagger-
ing 7.6 billion by 2020 (World Population Statistics, 
US Census Bureau). Ensuring food security in a sus-
tainable and environmentally friendly manner is the 
major challenge posed by large population growth, 
with food demand projected to increase by 70–100% 
(Fukase & Martin, 2020). To satisfy the demand for 
animal protein, pig farms continue to increase con-
tinually in both number and size. However, intensive 
large-scale pig farms have brought unprecedented 
challenges to the environment and ecosystem. In 
order to reduce the occurrence of livestock diseases 
and increase pig growth rate, various trace elements 
such as copper (Cu), zinc (Zn), and arsenic (As) are 
added to animal feed. However, due to poor metabo-
lism, more than 90% of these additives are excreted 
(Li et al., 2019). Subsequent use of animal wastewater 
for irrigation can lead to several environmental prob-
lems, including salt toxicity to plants and accumula-
tion of HMs in soil and contamination of groundwa-
ter (Rattan et al., 2005).

Existing heavy metal control technologies include 
reverse osmosis (Vaneeckhaute et  al., 2019), ion 
exchange (Maslova et  al., 2020), chemical precipi-
tation (Baltpurvins et  al., 1997; Ozverdi & Erdem, 
2006), electrochemical treatment (Ya et al., 2018), etc. 
Despite their treatment efficiency, most of these tech-
nologies generate high levels of secondary wastes; 
so their effectiveness in reducing HM pollution from 
animal wastewater is insufficient (Kurniawan et  al., 
2006). The adsorption method is a promising choice 
for removing HMs in animal wastewater, due to its 
treatability, versatility, and economy (Afroze & Sen, 
2018; Yin et al., 2019). Generally, adsorbents include 
activated carbon, zeolite, mesoporous silica, carbon 
nanotubes, cyclodextrin, and chitosan beads (Borji 
et  al., 2020; Jusoh et  al., 2007; Kandah & Meunier, 
2007). However, these adsorbents have poor recover-
ability, low adsorption capacity, and lack functional 
structural adjustment.

In addition to possessing high adsorption effi-
ciency and recyclability, MOFs produce less sec-
ondary waste and consume less energy than other 
treatment methods (Furukawa et  al., 2010; Millward 
& Yaghi, 2005; Lu Wang et  al., 2016). MOFs have 

shown great application potential in the field of ani-
mal wastewater treatment. Of these, zirconium-based 
MOF materials such as UiO-66 and its derivatives 
exhibit superior water and thermal stability, no tox-
icity, and diversity of functional group modifica-
tion, which is seen as promising adsorbents for the 
removal of pollutants (i.e., heavy metals) in wastewater  
(Furukawa et  al., 2014; Lv et  al., 2016; Min et  al., 
2019). UiO-66 and its derivatives have large pore size 
and specific surface area, which are the key factors for 
their excellent adsorption performance. The hexanu-
clear Zr cluster nodes in their structure are suitable 
site for capturing anionic contaminants such as Cr 
(VI) and As (III)/As (V) (Shokouhfar et al., 2018). In 
addition, UiO-66 and its derivatives can adsorb and 
remove the cationic pollutants such as Hg2+ and Cd2+ 
under acid–base interaction and electrostatic interac-
tion. Saleem used functionalized UiO-66-NH2 mate-
rials as adsorbents for the capture of Cr3+ and Pb2+ 
from homo-ionic solution, with calculated adsorp-
tion capacities of 117 and 232  mg/g, respectively 
(Saleem et  al., 2016). In addition, HMs such as As 
(Howarth et  al., 2015), (Wang et  al., 2015), and Sb 
(Luo et  al., 2015) can also be effectively removed 
by UiO-66. Currently, most studies on the adsorp-
tion performance of UiO-66 are only based on syn-
thetic samples, instead of real wastewater such as pig 
farm wastewater. Since the composition of synthetic 
wastewater is much simpler than the composition of 
the pig farm wastewater, results obtained with the 
synthetic wastewater may not apply in the real world. 
Hence, the study of heavy metal adsorption based on 
the complex real wastewater samples from livestock 
farms is very meaningful.

In this paper, octahedral UiO-66 and UiO-66-NH2 
prepared with acetic acid were used as adsorbents 
to selectively recover HMs from pig farm wastewa-
ter. To determine optimal treatment conditions, the 
influence of various reaction conditions (adsorbent 
dosage, pH, and adsorption time) on the adsorption 
efficiency of HMs was studied. Besides, the mecha-
nism and repeatability of UiO-66 and UiO-66-NH2 
to adsorption of HMs, as well as adsorption kinetics 
were also studied. Based on the comparison between 
the Maximum Contaminant Level (MCL) of the cor-
responding HMs and the heavy metal residual con-
centration in the supernatant of adsorbent dosage, 
we introduced a treatability index (TI) to evaluate the 
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treatment effect of HMs by UiO-66 and UiO-66-NH2 
(Huang et al., 2019).

2 � Materials and Methods

2.1 � Chemical Reagents

Aladdin Company (Shanghai, China) supplied N’N-
dimethylformamide (DMF), p-phthalic acid, 2-amino-
terephthalic acid and zirconium chloride. Hydrochlo-
ric acid (HCl, 37%), acetic acid, ethanol, methanol, 
and sodium hydroxide were purchased from Sinop-
harm Chemical Reagent Co., Ltd. (China). All rea-
gents were used without purification as received.

2.2 � Materials Synthesis

The adsorbent UiO-66 was prepared following 
Qiu et  al. (2017). Ten millimoles each of ZrCl4 and 
terephthalic acid were dissolved in 60  mL of DMF. 
Thereafter, 160 mmol acetic acid was added and the 
solution was stirred for 2  h and ultrasonicated for 
30 min. The resulting solution was heated at 120 ℃ 
for 24 h. After cooling, the solution was centrifuged, 
and the separated material was washed with DMF 
and ethanol. After drying and grinding, UiO-66 was 
obtained as a white powder. UiO-66-NH2 was syn-
thesized using the same procedure as UiO-66, except 
that terephthalic acid was replaced with 2-aminoph-
thalic acid.

2.3 � Material Characterization

The particle morphology and size of UiO-66 and 
UiO-66-NH2 were observed using scanning elec-
tron microscopy (SEM; S-4800, Hitachi, Japan). 
X-ray diffraction (XRD) patterns of the samples 
were determined by the D8 Advance X-ray diffrac-
tometer (Bruker, Germany) with Cu K beam X-ray 
as the target in the scanning range of 5 to 90°, and 
the scanning speed was 3°/min. Fourier transform 
infrared (FT-IR) spectrum was analyzed and with 
the Nicolet iS10 (Thermo-fisher, USA) using KBr 
pressing method. Brunauer–Emmett–Teller (BET) 
method for specific surface area determination using 
N2 adsorption was performed by using specific sur-
face analyzer (JW-BK 100, China). Before the test, 

the sample was activated at 300℃ for 3  h in vac-
uum, and the adsorption and desorption tests were 
conducted using high purity liquid N2 as adsorbate.

2.4 � Adsorption Experiment

Wastewater samples were collected from a pig farm 
in Fenghua District, Ningbo city. The collected liq-
uid samples were stored at 2℃. The effluent was 
analyzed for the constituents mentioned in Table 1. 
The initial pH was measured by a pH meter (Mettler 
FE 28, Switzerland, accuracy ± 0.01 pH units) and 
the dry matter content was determined by weigh-
ing difference of evaporating wastewater in an oven 
over night at 105 ℃ (Bourdin et al., 2014). The pH 
of the effluent was 8, and the dry matter content was 
0.69% as shown in Table 1. Batch experiments were 
implemented at room temperature and designed in 
triplicate. In a typical study of adsorption proce-
dure, the prepared adsorbent (0.8  g) was added to 
200 mL of wastewater; this suspension was continu-
ously stirred at a speed of 200 r/min for 270  min. 
At fixed intervals (10, 20, 30, 60, 90, 120, 150, 180, 
210, 240, and 270 min), an aliquot (10 mL) of the 
supernatant was sampled, filtered (0.22  µm), and 
the HMs concentration in the filtrate was measured 
using the ICP-MS (Thermo Icap Q, USA).

To study the effect of wastewater pH, 0.8 g UiO-
66 or UiO-66-NH2 was added to 200 mL of pig farm 
effluent after pH adjustment using hydrochloric acid 
or sodium hydroxide to the desired values (pH = 2, 
4, 6, 8, 10). Then, samples of the aliquots taken 
after 120 min were filtered and HM concentrations 
in the filtrate were measured. In order to investigate 
the influence of adsorbent dosage on HM removal, 
different amounts (0.4, 0.8, 1.2, 1.6, 2.0 g) of adsor-
bent were added to 200 mL animal wastewater at a 
pH of 8. For the economic and environmental rea-
sons, we used deionized water as the washing solu-
tion for the regeneration of the adsorbents. After 
centrifugation and separation, the recovered adsor-
bents were washed three times using 20 mL ethanol. 
Then, the regenerated adsorbents were dried over-
night and all used in a new batch of tests.

The removal rate (R, %) and adsorption capac-
ity (Qe, μg/g) of the adsorbent at any time (e.g., 10, 
20 min) was calculated from the initial heavy metal 
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Table 1   The total HMs concentration in pig farm effluent (pH = 8, TS = 0.69%), their health impacts and the maximum concentra-
tion levels of those HMs in various water quality standards

a  Measurement of triplicates
b  Maximum concentration levels of heavy metals in various standards
c  Chinese Environmental Quality Standards for Surface Water, Class I and Class III standards
d  Chinese domestic drinking water hygiene standards
e  World Health Organization Drinking Water Standards
f  National Drinking Water Regulations by U.S. Environmental Protection Agency

HMs Concentrations
(μg/L) a

Impacts on human 
health

MCL b

Class III standards 
in GB 3838–2002
(μg/L) c

Class I standards 
in GB 3838–2002
(μg/L) c

GB 5749–2006
(μg/L) d

EPA
(μg/L, 2016) e

WHO
(μg/L, 2004) f

Cr 14.8 ± 2.4
(Total Cr)

Cause kidney and 
liver disease, 
diarrhea, ulcers, 
skin and eye 
irritation, 
respiratory tract 
irritation (Jobby 
et al., 2018)

50 10 50 100 50

Mn 120.5 ± 13.1 Neurologic injury, 
ataxia, dementia, 
anxiety, spasm 
(Lin et al., 2013)

100 100 100 50 500

Fe 3420.4 ± 595.6 - 300 300 300 300 -
Ni 70.3 ± 6.7 Vomiting, 

gastrointestinal 
diseases, nasal 
cavity cancer 
and lung cancer 
(Raval et al., 
2016; Sarode 
et al., 2019)

20 20 20 - 20

Cu 369.6 ± 31.2 Lung cancer, 
Liver toxic-
ity, headache, 
cellular damage 
(Anastopoulos 
et al., 2019; 
Gaetke et al., 
2014)

1000 10 1000 1000 2000

Zn 1200.8 ± 110.8 Depression, leth-
argy, neurologi-
cal symptoms 
and thirst (Baran 
et al., 2018)

1000 50 1000 5000 3000

As 25.4 ± 2.6 Nausea, vomit-
ing, neuropathic 
pain, chronic 
conjunctivitis, 
shock, res-
piratory failure 
(Singh et al., 
2018)

50 50 10 10 10
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concentration C0 (μg/L, t = 0) and equilibrium con-
centration Ce (μg/L, t = 270 min), as follows:

where m (g) is the dosage of adsorbent and V (L) is 
solution volume.

2.5 � Treatability Index

Generally, after the addition of adsorbents, the dis-
solved concentration of HMs decreased dramatically 
and then leveled off. Huang et  al. (2019) compared 
the inflection point of the adsorption curve with the 
threshold value to obtain the powdered activated car-
bon’s treatability of the pollutant. In this experiment, 
the residual concentration of HMs at equilibrium 
is close to the concentration at the inflection point 
of the adsorption curve. Therefore, by comparing 
the residual concentration of HMs in the adsorption 
equilibrium with the MCL according to the China 
Environmental Quality Standards for Surface Water 
(GB3838-2002) as show in Table  1, the treatability 
index (TI) of HMs can be calculated by the following 
Eq. (3):

where, CT is the MCL of the corresponding HM 
(μg/L). When TI is less than 0, the adsorbent can-
not remove the corresponding HM (-T). When TI 
is greater than 0, the HM (T +) can be effectively 
treated by the adsorbent. The adsorbent’s perfor-
mance improves as the TI value approaches 1.

3 � Results and Discussion

3.1 � Characterization

SEM technique was used to elucidate the micro-
structures of UiO-66 and UiO-66-NH2. As shown in 
Fig.  1a, b, these particles are uniformly distributed 
and highly crystalline. Their forms were regular octa-
hedrons. The average particle sizes of UiO-66 and 
UiO-66-NH2 samples are ~ 300  nm and ~ 100  nm, 
respectively. XRD diffraction spectrum of the 

(1)R =
(

C
0
− Ce

)

∕C
0
∗ 100%

(2)Qe =
(

C
0
− Ce

)

∗ V∕m

(3)TI =
(

CT − Ce

)

∕CT

samples are shown in the Fig.  1c. The results dem-
onstrate that UiO-66 and UiO-66-NH2 prepared by 
acetic acid-stimulating method have the same crystal 
structure as in the previously reported studies (Cavka 
et  al., 2008; Katz et  al., 2013; Lv et  al., 2016). The 
XRD spectrum indicates that the synthesized materi-
als have a high degree of crystallinity, as is also clear 
from the morphology shown in SEM images (Fig. 1a, 
b). Due to the enhanced crystallinity of the materials 
prepared in this study, the BET surface areas were 
1070 and 751 m2/g, respectively, which are higher 
than the reported BET surface areas of hydrochloric 
acid-treated UiO-66 and UiO-66-NH2 prepared by 
Katz et al. (2013).

To characterize the chemical structure of adsor-
bents, FT-IR spectra of these sample were measured. 
Figure  1d shows the FT-IR spectrum, which clearly 
confirms the successful self-assembly of UiO-66 and 
UiO-66-NH2 in the range of 3500–1000  cm−1. The 
ligands of UiO-66 and UiO-66-NH2 are terephthalic 
acid and 2-amino-terephthalic acid respectively, 
which are mainly composed of aromatic carboxylic 
acids. These peaks in the FT-IR atlas also confirm 
the existence of aromatic groups: 1580 cm−1 derived 
from C-O bond in carboxylate, 1500 cm−1 generated 
by aromatic group C = C, and 1420  cm−1 generated 
by C–C vibration mode (He et  al., 2019; Kandiah 
et al., 2010). The peaks at 3448, 3368, and 1629 cm−1 
represent symmetric, asymmetric and bending vibra-
tions of the amino group respectively (Tang et  al., 
2018). Car-N corresponding to the peak at 1257 cm−1 
also confirmed the load of amine in UiO-66-NH2.

3.2 � HM Composition and Concentration

Table 1 lists the average concentrations of the primary 
HMs in the pig farm effluent. Concentrations of the 
HMs followed a descending order of iron (Fe) > zinc 
(Zn) > copper (Cu) > manganese (Mn) > nickel 
(Ni) > arsenic (As) > cobalt (Co) > chromium (Cr). 
After mechanical aeration and ferric flocculant treat-
ment, pig slurry separates into sludge and effluent. 
During treatment, due to adsorption and assimila-
tion, heavy metals, microorganisms, mineral particles 
and inorganic salts are concentrated in the activated 
sludge flocs that settle down as sludge. Therefore, 
the concentration of HMs in pig farm effluent is 
much lower, by as much as 2–3 orders of magni-
tude than in the slurry (Tulayakul et  al., 2011). The 

Page 5 of 15    294



Water Air Soil Pollut (2021) 232: 294	

1 3

total concentrations of Cu and Zn in this study were 
369  μg/L and 1200  μg/L, respectively, which were 
consistent with Cu and Zn concentrations reported 
by Kunhikrishnan et  al. (2012). The concentrations 
of heavy metals (i.e., Mn, Fe, Ni, and Zn) in the pig 
farm wastewater exceeded the limits of the class I 
and III Chinese Environmental Quality Standards for 
Surface Water (GB3838-2002), Chinese Domestic 
Drinking Water Hygiene Standards (GB 5749–2006), 
and national drinking water regulations by U.S. Envi-
ronmental Protection Agency (EPA, 2016). A rela-
tively high concentration of Fe was obtained due to 
the addition of iron flocculants in the wastewater 
treatment process. According to the standards of GB 
5749–2006, WHO (2004) and EPA (2016) listed in 

Table 1, the concentration of As in the original sam-
ples exceeded the maximum allowable content level. 
The concentrations of Cr and Cu were between Class 
I and class III Chinese standards of environmental 
surface water (GB3838-2002). Therefore, it is crucial 
to separate HMs before effluent from animal farm is 
discharged into the natural environment.

3.3 � Effect of Contacting Time and Adsorption 
Kinetics

Figure 2a, b showed the ascending curve of wastewater 
HMs removal efficiency as affected by the contact times 
with UiO-66 and UiO-66-NH2, respectively. These 
curves reached their plateaus within 30 to 60  min. 

Fig. 1   The SEM images of (a) UiO-66 (~ 300 nm) and (b) UiO-66-NH2 (~ 100 nm); the (c) XRD characterization and (d) FT-IR of 
UiO-66 and UiO-66-NH2
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Three adsorption kinetics models were applied to study 
the adsorption mechanism of HMs on adsorbents. 
Equation  (4) presents the pseudo-first-order model, 
which assumes the adsorption mechanism of various 
liquid–solid systems that adsorption increases as the 
dissolved concentration increases (Liying Wang et al., 
2010). The pseudo-second-order model as represented 
by Eq. (5) assumes that the adsorption process is domi-
nated by a chemisorption mechanism. Weber and Mor-
ris’s internal diffusion dynamics model is applied to 
analyze the control steps in the reaction and obtain the 
intraparticle diffusion rate constant (k3) of the adsorbent 
as presented by Eq. (6) (Malash & El-Khaiary, 2010).

(4)ln
(

Qe − Qt

)

= lnQe − k
1
t

(5)
t

Qt

=
t

Qe

+
1

K
2
Q2

e

In Eq. (4), Qe and Qt (μg/g) are the adsorbed con-
centrations of contaminants at equilibrium and at any 
time t (min), respectively. k1 and k2 in Eqs. (5) and (6) 
are the rate constants for the adsorption kinetic model 
of the pseudo-first-order and pseudo-second-order, 
respectively. D is a constant involving thickness and 
boundary layer.

The HM adsorption data in pig farm the wastewa-
ter by UiO-66 showed that the pseudo-second-order 
fitting curves as presented in Fig.  2c described the 
adsorption process better. The correlation coeffi-
cient (R2) of the pseudo-second-order adsorption 
model for each HM presented in Table 2S was higher 
than that of the pseudo-first-order model shown in 
Table  1S. For example, with UiO-66, the calculated 
adsorption capacity based on the pseudo-second-
order model (2.603  μg/g) was closer to the actual 

(6)Qt = k
3
t1∕2 + D

Fig. 2   Time evolution of removal efficiency during HMs adsorption on (a) UiO-66 and (b) UiO-66-NH2; the pseudo-second-order 
adsorption kinetics plots of HMs on (c) UiO-66 and (d) UiO-66-NH2. Each data point is the average of three replications
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adsorption (2.601  μg/g) than the pseudo-first-order 
model (1.265  μg/g). The process of internal diffu-
sion consists of mass transfer, intraparticle diffusion 
and adsorption equilibrium (Harja & Ciobanu, 2018). 
The first stage was accomplished in a short period, 
and so the latter two stages (intraparticle diffusion 
and adsorption equilibrium) were the main adsorp-
tion processes. As shown in Fig. 1S, at the beginning 
of the reaction, HMs were gradually adsorbed due to 
the existence of a large number of active sites on the 
surface of UiO-66. After 60 min, adsorption reached 
equilibrium and none of the plots passed through the 
origin, indicating that the internal diffusion of the 
particles was part of the adsorption, not the rate con-
trolling step.

The removal rates of Cr, Mn, Zn, and As by using 
UiO-66-NH2 as adsorbent showed a sharp rise dur-
ing the first 20  min, and then the increase slowed 
until up to 150  min before it plateaued (Fig.  2b). 
The adsorption rates of Fe, Ni and Cu were slow in 
the first 20  min, and then accelerated for the next 
10  min. After 30  min, the adsorption capacities of 
Fe, Ni, and Cu reached 205.62  μg/g, 2.31  μg/g and 
13.36  μg/g, which were 95.6%, 64% and 69.8% of 
the maximum capacities, respectively (Fig.  2b). The 
equilibrium was reached after 210 min. This may be 
due to the special complexation of heavy metal ions 
with amino functionalized surface in the initial stage 
of the reaction, Cr, Mn, Zn, and As occupied most of 
the adsorption sites on UiO-66-NH2, resulting in low 
removal rates of the Fe, Ni, and Cu ions. As the reac-
tion proceeded, the concentrations of Cr, Mn, Zn, and 
As decreased, and the adsorption sites on the adsor-
bent surface became available, thereby accelerating 
the adsorption of Fe, Ni, and Cu on UiO-66-NH2. 
Adsorption capacity reaches the maximum value as 
the reaction reaches the equilibrium. The maximum 
adsorption capacities of Cr, Mn, Fe, Ni, Cu, Zn and 
As by UiO-66-NH2 were 2.69  μg/g, 15.67  μg/g, 
219.78  μg/g, 4.034  μg/g, 22.22  μg/g, 153.37  μg/g, 
and 8.80 μg/g, respectively (Fig. 2d).

The adsorption capacity (Qe) of Fe and Cu 
on UiO-66 (Fe: 237  μg/g, Cu: 17.26  μg/g) was 
higher than that of UiO-66-NH2 (Fe: 215 μg/g, Cu: 
3.61  μg/g), respectively, due to the higher specific 
surface area of the former (Table 2S). For the low 
concentrations of Cr, Mn, Ni, Zn, and As in the 
weakly alkaline pig farm wastewater, the active 
centers originally occupied by hydrogen ions on 

UiO-66-NH2 were released, and these heavy metal 
ions then had opportunity to react with active cent-
ers (Tang et al., 2021). This opposing interaction is 
likely to be the reason causing UiO-66-NH2 to have 
slightly higher Qe for Cr, Mn, Ni, Zn and As than 
UiO-66.

3.4 � Effect of Initial Wastewater pH

The HM adsorption capacities of UiO-66 at differ-
ent pH values are shown in Fig.  3a. Depending on 
pH, Cr exists in the form of HCrO4

−, Cr2O7
2− or 

CrO4
2−. When the wastewater is acidic, the surface 

charge of UiO-66 will activate the proton reaction 
and promote the electrostatic adsorption of Cr (Sari 
& Tuzen, 2008). As pH increases, the presence of 
OH− competes with CrO4

2−, resulting in a decrease 
in Cr removal rate (Fan et al., 2017). Solution pH had 
little effect on the removal rate of Zn by UiO-66. As 
pH was raised from 4 to 10, Fe removal rate declined 
from 94.5% to 75.8%, and the adsorption capac-
ity decreased from 807.727  μg/g to 648.143  μg/g 
(Fig. 3a). The maximum removal rate and maximum 
adsorption capacity of Mn of 92.7% and 27.94 μg/g, 
respectively, was at pH of 8. The optimal pH value 
for As adsorption on UiO-66 is 10. At this pH, the 
surface charge of the material is negative and As 
exists in the form of almost H2AsO3

−. Therefore, the 
electrostatic interaction between the adsorbent and 
adsorbate is not the main force of the material on the 
adsorption of As (Shao et al., 2019).

The adsorption capacities for Cr, Fe, Ni and Cu by 
UiO-66-NH2 were stronger in the alkaline range, but 
weaker in the acidic range (Fig. 3b). At lower pH val-
ues, free H+ ions can compete with heavy metal ions, 
resulting in weakened adsorption of heavy metal ions 
on UiO-66-NH2. In addition, H+ reacts with -NH2 
and forms -NH3

+ ions, which can further reduce HM 
adsorption due to coulomb repulsion between the 
formed -NH3

+ and HM ions. With increase in pH 
value, competitive adsorption and coulomb rejec-
tion are reduced, and the adsorption of ions increases 
(Ding et al., 2020). Therefore, the maximum adsorp-
tion capacities for those HMs on UiO-66-NH2 were 
obtained in moderately alkaline wastewaters. Hence, 
both UiO-66 and UiO-66-NH2 can be used to remove 
common harmful HMs in animal wastewater in a 
wide range of pH conditions.
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3.5 � Effect of Adsorbent Dosage

For practical application, from an economic perspec-
tive, the amount of adsorbent required would be very 
important. Figure  4 shows the plot of HM removal 
rate versus dosage of adsorbents. Due to increase 
in adsorption sites, amounts of Fe, Cu, Zn and As 
adsorbed increased markedly with initial adsorbent 
concentrations. When the initial dosage of UiO-66 
was 4 g/L and pH was 8, the removal rates of Cr, Mn, 
Fe, Ni and As were 76.93%, 93.73%, 88.81%, 83.30% 
and 86.11%, respectively. At this dose, the removal 

rates of them by UiO-66-NH2 were76.60%, 94.99%, 
86.24%, 75.91% and 82.23%, respectively. Both of 
UiO-66 and UiO-66-NH2 showed good removal 
effects on heavy metals at 4 g/L, which can be recom-
mended to practical HMs treatment.

3.6 � Treatability Analysis

According to the environmental protection goals, the 
Chinese Environmental Quality Standards for Sur-
face Water (GB3838-2002) include five grades. As 
listed in Table  1, Class I standard applies mostly in 

Fig. 3   Effect of pH on adsorption of HMs by (a) UiO-66 and (b) UiO-66-NH2 (y axis values are log values). Each data point is the 
average of three replications and the error bars show standard deviation

Fig. 4   Effect of initial concentration of adsorbents on adsorption of HMs by (a) UiO-66 and (b) UiO-66-NH2. Each data point is the 
average of three replications and the error bars show standard deviation
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source water and national nature reserves. Class III 
waster is mainly applicable to the secondary protec-
tion areas of centralized drinking water surface water 
sources, fishery water areas, aquaculture areas and 
swimming areas. Since many pig farms are not far 
from rural residential areas and locate in the subur-
ban areas in china, Class III standards were used as 
the MCL value to investigate the adsorption ability of 
MOFs on HMs. Table  2 shows the TI values of the 
HMs calculated using Eq.  (3). The maximum treat-
ability index of HMs by UiO-66 treatment followed a 
descending order of Cu > As > Mn > Zn > Cr > Ni > Fe 
(dosage, 10 g/L). The TI values for Cu, As, Mn, Zn, 
and Cr were close to 1, which meant that at the end 
of the reaction, their residual concentrations were far 
below the threshold requirements. As the explicated 
by Shokouhfar et  al. (2018), the adsorption process 
of Cr was mainly due to the hexanuclear Zr cluster 
(Zr6) active sites on the structure of UiO-66 and UiO-
66-NH2 form an electrostatic interaction with Cr (VI). 
According to He et al. (2019), the adsorption mecha-
nism of As (III) and As (V) by UiO-66 was mainly 
explained by the formation of bidentate binuclear 
complexes between Zr6 and As (III), and bidentate 
mononuclear complexes with As (V) (He et al., 2019; 
Schmidt et al., 2008). Further studies on the adsorp-
tion mechanisms of individual ions, such as Cu, Mn, 
Ni, Fe, and Zn, are warranted on this subject.

When the dosage was 2 g/L, the TI value of Ni 
by UiO-66-NH2 was 0.14, and the TI value did 
not increase dramatically as the dosage increasing 
to 10  g/L. Similar TI results of the UiO-66 on Ni 
adsorptions was also obtained. Therefore, increas-
ing the dosage of UiO-66 and UiO-66-NH2 above 
6 g/L on Ni adsorption is not recommended for effi-
cient and economical concerns. Both Zn and Fe with 
a relatively high initial concentrations, although the 
removal rate of the two ions can reach over 60% 
(Figs.  2 and 4), but the final TI values of Zn and 
Fe were 0.931 and 0.161, respectively. Except for 
Fe with UiO-66 at concentrations 2–8 g/L and UiO-
66-NH2 at concentration of 2–10  g/L, TIs for all 
other combinations of adsorbent concentrations and 
types were > 0 (Table 2), which means the residual 
concentration of Fe was higher than the threshold, 
and the treatment effect cannot meet the standard 
requirements. To better understand the adsorp-
tion ability and the mechanisms of the adsorption, 
further studies on the adsorption mechanisms of 

individual ions (i.e., such as Cu, Mn, Ni, and Fe) as 
well as the ions adsorption interaction mechanisms 
in a complex wastewater system are needed due to 
the lack of related information in present.

3.7 � Regeneration and Reuse of Adsorbents

The techno-economic efficacy of MOFs is related to 
its reusability after multiple adsorption cycles. Fig-
ure 5 showed the reuse efficiency of adsorbents after 
three cycles of regeneration. After three adsorption 
treatment cycle, the HMs average removal effi-
ciency by UiO-66 and UiO-66-NH2 of the third time 
was reduced by only 11.5% and 12.8%, respectively, 
compared to the first time. In order to analyze the 
difference in the adsorption effect of the two materi-
als, T-test was performed on the adsorption capac-
ity of the two adsorbents. As shown in Table  3S, 
the adsorption capacity of UiO-66 for Mn and Zn 
is significantly higher than that of UiO-66-NH2 
(P < 0.05) after three cycles. For Cr, Ni, Cu and As, 
the difference of adsorption performance between 
the two adsorbents is negligible. The result shows 
that the adsorbents can be regenerated and reused 
multiple times, but there is still space for improve-
ment. New studies on the regeneration procedures 
using organic washing solvents are suggested for 
improving the reusability of the adsorbents (Esrafili 
et al., 2021). The adsorbent recovery technology of 
centrifugation used in small-scale experiments will 
bring economic burden in practical applications, 
therefore, economic and environmentally friendly 
recovery technology still needs to be investigated in 
future works.

In this study, all materials were successfully 
prepared by solvothermal method during the lab-
oratory-scale investigation. In the subsequent 
large-scale applications, the existing preparation 
method such as organic solvent-based system can 
be replaced by the aqueous-based preparation sys-
tem, which may reduce the cost to 14.2 ~ 17.5 $/kg 
while improving production efficiency (Luo et  al., 
2021). Therefore, considering the adsorption capac-
ity, recycling ability, secondary pollution to the 
environment and economy of the material, UiO-66-
based MOFs can indeed be used as a new adsorbent 
for the treatment of heavy metals in wastewater.
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Table 2   Treatability of the 7 HMs by UiO-66 and UiO-66-NH2

a  Maximum concentration levels of heavy metals in the China Environmental Quality Standards in the Surface Water, Class I and III 
standards
b  Concentrations of heavy metals in the adsorption equilibrium (t = 270 min)
c  Values were calculated according to Eq. (3)
d  T+ , Can be effectively processed; − T, Can’t be effectively processed

Elements MCL a Dosage
(g/L)

UiO-66 UiO-66-NH2

Residual concen-
tration (μg/L) b

TI c Treatability d Residual concen-
tration (μg/L) b

TI c Treatability d

Cr 50 2 9.52 0.810 T +  5.15 0.897 T + 
4 3.43 0.931 T +  4.37 0.913 T + 
6 4.05 0.919 T +  5.40 0.892 T + 
8 4.39 0.912 T +  3.92 0.922 T + 
10 3.85 0.923 T +  3.79 0.924 T + 

Mn 100 2 7.53 0.925 T +  7.19 0.928 T + 
4 7.55 0.924 T +  6.04 0.940 T + 
6 6.32 0.937 T +  5.21 0.948 T + 
8 10.74 0.893 T +  6.51 0.935 T + 
10 5.53 0.945 T +  6.03 0.940 T + 

Fe 300 2 612.74  − 1.042  − T 615.98  − 1.053  − T
4 382.83  − 0.276  − T 470.55  − 0.568  − T
6 310.51  − 0.035  − T 342.18  − 0.141  − T
8 306.08  − 0.020  − T 374.30  − 0.248  − T
10 251.68 0.161 T +  352.94  − 0.176  − T

Ni 20 2 15.82 0.209 T +  17.19 0.140 T + 
4 11.73 0.413 T +  16.92 0.154 T + 
6 11.21 0.440 T +  9.32 0.534 T + 
8 7.43 0.628 T +  15.43 0.228 T + 
10 9.91 0.505 T +  11.66 0.417 T + 

Cu 1000 2 81.90 0.918 T +  84.89 0.915 T + 
4 59.74 0.940 T +  52.54 0.947 T + 
6 39.09 0.961 T +  38.69 0.961 T + 
8 23.83 0.976 T +  35.45 0.965 T + 
10 22.11 0.978 T +  39.28 0.961 T + 

Zn 1000 2 158.19 0.842 T +  227.79 0.772 T + 
4 106.95 0.893 T +  189.80 0.810 T + 
6 85.29 0.915 T +  123.75 0.876 T + 
8 79.46 0.921 T +  104.86 0.895 T + 
10 68.56 0.931 T +  115.95 0.884 T + 

As 50 2 8.39 0.832 T +  6.32 0.874 T + 
4 3.53 0.929 T +  4.52 0.910 T + 
6 1.89 0.962 T +  3.39 0.932 T + 
8 1.56 0.969 T +  2.67 0.947 T + 
10 1.55 0.969 T +  2.05 0.959 T + 
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4 � Conclusion

Octahedral UiO-66 and UiO-66-NH2 adsorbents with 
large surface areas were successfully synthesized by 
an acid promoted solvothermal method. They have 
high adsorption capacity and adsorption stability, and 
both adsorbents removed HMs from pig farm waste-
water effectively. The pseudo-second-order model 
accurately described the kinetic adsorption of HMs in 
wastewater by UiO-66 and UiO-66-NH2 process. The 
treatability of 7 HMs by UiO-66 and UiO-66-NH2 
has been evaluated in this study. A novel method, 
established based on the equilibrium concentration of 
the residual heavy metals and the MCL, was used to 
be assess the treatability of heavy metals by UiO-66 
and UiO-66-NH2. The results show that Cu, As, Mn, 
Zn, Cr, and Ni can be effectively removed by the two 
adsorbents at the dosage of 2 g/L. Except that Fe can-
not be effectively removed, which is due to the exces-
sively high initial concentration of Fe and the lower 
treatment effect of these two adsorbents. UiO-66 and 
UiO-66-NH2 can be reused when adsorbing HMs in 
wastewater and have a good adsorption performance 
after 3 regeneration cycles. Therefore, these MOFs 
showed practical applied value in the treatment of 
HMs in animal wastewater.
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