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ABSTRACT: Use of antibiotics is common practice in agriculture;
however, they can be released into the environment, potentially
causing antimicrobial resistance. Naturally mined diatomaceous
earth with bentonite was tested as a remediation material for
tylosin, chlortetracycline, and ceftiofur in wastewater from a beef
cattle feedlot. Langmuir binding affinity in 10 mM sodium
phosphate buffer at pH 6.7 was established prior to testing
wastewater to determine binding potential. Chlortetracycline was
found to have a binding affinity of 15.2 mM−1 and a binding
capacity of 123 mg per g of diatomaceous earth while ceftiofur
showed a much lower binding affinity and loading at 7.8 mM−1 and
3 mg per g of diatomaceous earth, respectively. From spiked
wastewater, tylosin (50 μg mL−1, pH 8) and chlortetracycline (300 μg mL−1, pH 6) were removed (100 and 80%, respectively) when
treated with 20 mg of diatomaceous earth while ceftiofur (300 μg mL−1, pH 8) remained in solution. When the spiked wastewater
was flocculated with aluminum sulfate, a change in pH from 8 to 4 was observed, and chlortetracycline was removed from the
wastewater; tylosin and ceftiofur remained in solution. When subsequently treated with diatomaceous earth, ceftiofur and tylosin
were completely removed by diatomaceous earth from the flocculated wastewater.

1. INTRODUCTION
Antibiotics (AB) are commonly used during animal production
to ensure health and are projected to have increased use by the
year 2030.1 These compounds and their degradation products
pose a threat of accumulation in the environment and
development of antimicrobial resistance. Orally administered
AB can pass through livestock undigested2,3 and deposit in
feedlot surfaces4 and wastewater ponds.5 Wastewater from
these ponds is often released into the environment through
irrigation systems, resulting in the environmental loading of AB
and their metabolites to agricultural fields. There, they can
leach from the soil after a rainfall,6 enter shallow groundwater,7

be taken up by plants,8−10 sorb to soils,11,12 and affect
nontarget organisms.13 Despite being heavily researched for
decades, there is a notable gap in the literature establishing
methods to remediate AB in beef wastewater ponds; the
objective of this work was to establish the feasibility of using
readily available high-affinity binding agents to remove AB
from beef wastewater.
Diatomaceous earth (DE) is the amorphous silica skeleton

of algae that is deposited at the bottom of bodies of water
around the world.14 Particles of DE vary in the shape, size, and
purity of the deposits. It has found many commercial uses such
as filtering, whitening, and use as an anticaking additive for
animal feed. Most recent application research has focused on
the use of DE as a support for new materials,15 remediation of

aqueous bacteria,16 water desalination,17 hydrogen sorption,18

heavy metal sorption,19−23 dye sorption,24 and removal of
ciprofloxacin from aqueous solutions.25

Previous studies showed the sorption of tylosin to different
kinds of DE products and demonstrated an increased efficiency
in binding when the organic matter covering food chemical
codex grade DE was removed. A limitation of previous studies
is that they were conducted using only buffered solutions26,27

which does not reflect the conditions of wastewater. To
overcome these limitations, this work was performed to
determine whether DE is a viable option for wastewater
treatment. Diatomaceous earth was used alone and, in addition
to a common wastewater treatment method, flocculation by
aluminum sulfate (alum). Three antibiotics were considered:
tylosin (TYL), chlortetracycline (CTC), and ceftiofur (CEF)
(Figure 1). Tylosin is a macrolide antibiotic commonly used in
agriculture that is structurally similar to the antibiotic
erythromycin, which is commonly used in human medicine.
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Chlortetracycline is a broad-spectrum antibiotic in the
tetracycline class that has been used to treat infections and
promote animal growth while also being a prescribed antibiotic
for human health. Ceftiofur is a third-generation cephalosporin
antibiotic used in agriculture to treat respiratory diseases and
foot rot. All three of these antibiotics have been shown to
cause antimicrobial resistance in cattle pathogens.28 The
objective of this work was to test the ability of DE to remove
common livestock AB from beef wastewater as a standalone
method and in tandem with flocculation by alum.

2. MATERIALS AND METHODS
2.1. Materials. Red Lake DE with calcium bentonite was

purchased from Tractor Supply (Brentwood, TN). Tylosin
Tartrate salt (CAS 74610−55−2) and chlortetracycline (CAS
64−72−2) were purchased from MP Biomedical (Santa Ana,
CA). Ceftiofur sodium salt (CAS 104010−37−9) was
purchased from Thermo Scientific. Hydrogen peroxide (30%,
CAS 7722−84−1), sodium phosphate monobasic (CAS
10049−21−5), and sodium phosphate dibasic (CAS 7558−
79−4) were purchased from Sigma-Aldrich (St. Louis MO).
Alum powder was purchased from nuts.com
2.2. Digestion of Diatomaceous Earth Sample. Ten

grams of DE was placed in a 2 L Erlenmeyer flask, 250 mL of
fresh 3% hydrogen peroxide was added, briefly mixed, and then
allowed to sit at room temperature for 72 h. After 72 h, 50 mL
of freshly prepared 3% hydrogen peroxide was added to the
flask, mixed, and observed for the evolution of small bubbles. If
bubbles were observed, a fresh 450 mL of 3% hydrogen
peroxide was added to the flask, mixed, and allowed to sit for
another 24 h. When bubbles were no longer observed after
addition of fresh hydrogen peroxide, the sample was
transferred to an aluminum pan and placed in an oven at
105 °C for 4 h to dry. Once the DE was dry, the resulting cake
was broken up into a fine powder using a mortar and pestle
and transferred to a bottle for storage. Treated diatomaceous
earth is termed DE hereafter.
2.3. Binding. Solutes were investigated by batch adsorption

in a single component system in sodium phosphate buffer
composed of NaH2PO4 and Na2HPO4. Increasing amounts of
CTC (0.1 to 5 mg mL−1 in 10 mM sodium phosphate buffer
(PB) pH 6.7) were added to tubes containing 5 mg of DE.
Tubes were vortexed (30 s) and allowed to shake on a wrist
action shaker for 2 h before centrifugation at 13,226g for 30
min.
Due to low solubility of CEF, increasing amounts of DE (5

to 40 mg) were placed into microcentrifuge tubes and CEF in
10 mM sodium phosphate buffer (PB) pH 6.7 was added (1
mg mL−1). Samples were vortexed, shaken, and centrifuged, as
detailed in the previous paragraph.
The absorbances of AB were measured on a Thermo

Scientific Nanodrop. Standard curves were established for each

antibiotic using 367 nm for CTC and 292 nm for CEF, and a
linear equation was applied to describe the relationship of
absorbance vs concentration. The concentration of the free
antibiotic in the supernatant was determined from the linear
equation. Bound AB was determined from the difference
between the total concentration of AB added to the sample
and AB remaining in solution after binding. Langmuir
isotherms were constructed using the following equation

m bK p K p( )/(1 )L L= +

where m is AB bound to DE (g g−1), p is the concentration of
free AB (M), KL (M−1) is the Langmuir binding constant, and
b (g g−1) is the maximum amount of AB sorbed per mass of
adsorbent. Nonlinear isotherms were fit using the equation
solver in Microsoft Excel.
2.4. Collection of Wastewater. Wastewater was collected

from the primary holding pond of the beef feedlot at the US
Meat Animal Research Center (Clay Center, NE) and stored
in glass bottles at 4 °C until ready for use.
2.5. Wastewater Spike and Treatment. Wastewater

from a beef confined animal feeding operation was measured
into a glass bottle and spiked in batch adsorption, in a single
component system with 50 μg mL−1 TYL, 300 μg mL−1 CTC,
or 300 μg mL−1 CEF. For wastewater spiked only with
chlortetracycline, the pH was adjusted to pH 5.6 using
hydrochloric acid to improve solubility. Spiked wastewater was
allowed to equilibrate for 5 days at 4 °C in the dark before
treatment. The spiked wastewater (10 mL) was measured into
a 15 mL falcon tube, and the dry DE (5, 10, or 20 for TYL and
CTC; 20, 40, or 60 g for CEF) was added. Tubes were capped
and placed on their sides in a wrist action shaker for 30 min at
175 rpm. Tubes were centrifuged at 512g for 5 min to pellet
the diatomaceous earth. The supernatant, 700 μL, was filtered
through a spin-x cellulose acetate centrifuge tube for 5 min at
13,226g to remove any suspended fine particles. For samples
treated with alum, 6 mg/mL alum was added to the spiked
wastewater and allowed to flocculate for 30 min. Samples were
then centrifuged at 512g for 5 min and the supernatant
decanted. The supernatant was then treated with diatomaceous
earth as mentioned above.
2.6. UPLC Analysis. All wastewater samples were analyzed

via UPLC-PDA to separate the target AB from other UV-
absorbing compounds found in the wastewater. After filtration,
the samples were placed into vials and injected onto a Waters
Acquity H-class UPLC system. Tylosin (5 μL injected) and
ceftiofur (10 μL injected) were analyzed in 80:20 methanol/
water isocratic mobile phase on a Waters BEH C18 column
(1.7 μm particle size, 2.1 mm × 50 mm) at 40 °C and a flow
rate of 0.1 mL/min. Chlortetracycline (10 μL injected) was
analyzed on a Waters BEH Shield RP18 column (1.7 μm
particle size, 2.1 mm × 50 mm) at 40 °C in a 50:50 methanol/
water isocratic mobile phase with a flow rate of 0.1 mL/min.

Figure 1. (A) Structure of tylosin. (B) Structure of chlortetracycline. (C) Structure of ceftiofur.
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Antibiotic elution peaks were measured at 289 nm for TYL,
367 nm for CTC, and 292 nm for CEF. Empower 3 software
was used to integrate the area under antibiotic peaks; the
percent AB removed was calculated by the difference in the
area of peak before and after treatments.

3. RESULTS AND DISCUSSION
3.1. Sorption of Chlortetracycline to DE. To assess the

potential of DE as a sorption material for antibiotic removal,
Langmuir binding isotherms were constructed in PB for each
antibiotic. Previously published studies investigated interac-
tions of TYL with diatomaceous earth and reported binding
capacity (b) and binding affinity (KL) of TYL to DE at 88 mg
g−1 and 23.5 mM−1, respectively, when assessed in 10 mM PB
pH 6.7. Sorption of tylosin to diatomaceous earth is a
physisorption process with charge−charge interactions being
the mode of sorption at neutral pH.26 The zero point charge
(pHzpc) of different types of DE was experimentally
determined to be between 2.13 ± 0.03 and 1.89 ± 0.04 for
all products tested.27 Because of this, the pH of the media plays
an important role in the sorption of the solute to the DE
surface.
Chlortetracycline showed excellent sorption to the surface of

DE in aqueous PB at pH 6.7 after 2 h. The m (g g−1) and p
(M) were calculated from the spectroscopic data and plotted
as the y and x values, respectively (Figure 2). From this plot,

the Langmuir isotherm was fit, and the Langmuir binding
capacity (b) and binding affinity (KL) were calculated to be
15.2 mM−1 and 123 mg of CTC per g of DE, respectively.
Chlortetracycline has three pKa values: 3.3 (−OH), 7.55
(ketodiol), and 9.3 (−NH+(CH3)2). Speciation plots of CTC
as a function of pH have been previously published.29 At pH
6.7, chlortetracycline exists as a zwitterion carrying an overall
net neutral charge, while DE has a negative charge. Charge−
charge interactions were determined to be partially responsible
for TYL binding to DE,26 so it is likely these same interactions
are occurring between the positively charged dimethylammo-
nium group of CTC and the negatively charged silanol groups
on the surface of DE.
3.2. Sorption of Ceftiofur to DE. Binding of CEF to DE

in 10 mM PB at pH 6.7 was evaluated by Langmuir isotherm
(Figure 3) by the same method as CTC and TYL. Binding
capacity, m (g g−1), was calculated to be 3 mg g−1 DE with a
binding affinity (KL) of 7.8 mM−1. Ceftiofur has a pKa of 2.68
corresponding to the carboxylic acid group.30 At pH 6.7, both

CEF and DE carry a negative charge; charge−charge
repulsions between CEF and DE most likely account for the
very low binding capacity and affinity of CEF for DE when
compared to those of CTC and TYL.
3.3. Antibiotic Sorption to DE in the Absence and

Presence of Alum. Increasing masses of DE were added to
the wastewater samples spiked with TYL (300 μg mL−1), and
the percent TYL removed was calculated. Tylosin removal
from wastewater was considered when only DE was used and
when DE treatment followed flocculation with alum (Figure
4A). At the lowest mass of DE (5 mg), 74 ± 7% of tylosin was
removed. Increasing the mass of DE to 10 and 20 mg improved
the removal of tylosin to 96 ± 2 and 99 ± 0.2%, respectively.
In the presence of alum, a decrease in binding for 5 and 10 mg
of DE was observed: 56 ± 15% and 87 ± 10%, respectively.
However, at the highest mass of DE (20 mg), binding in the
presence of alum remained nearly 100%. Previous research
indicates the importance of charge−charge interactions
between the TYL and DE.26 Upon flocculation with alum,
wastewater samples were noted to have a lower pH (pH 3.8)
compared to before treatment (pH 8.4 to 8.0) (Figure 4B).
The pKa of TYL is 7.5, corresponding to the −NH+(CH3)2
group, which will be protonated at a pH less than 7.5 and
deprotonated at a pH greater than 7.5.29 Previously published
studies determined that charge−charge interactions were
important in TYL sorption but not the sole interaction
responsible for sorption. Therefore, binding in wastewater (pH
8.4) when TYL is neutral is most likely due to other
noncovalent interactions. Addition of alum lowered the pH
and created a more favorable scenario for charge−charge
interactions where TYL was positively charged, while DE
remained negatively charged. Because of this, it would be
expected to observe an increased level of binding of TYL when
the water is pretreated with alum. However, due to this not
being the observed response, changes in binding efficiency are
more likely due to increased competition for the sorption sites
on DE and not because of the introduction of unfavorable
binding conditions.
Chlortetracycline was spiked into wastewater at 300 μg

mL−1; however, due to the limited solubility of CTC, the
wastewater was adjusted to a pH of 6 to achieve a
concentration high enough to be measured. A portion of
CTC was removed from wastewater by DE when 5 mg (44 ±
12%) and 10 mg (68 ± 15%) of DE were added to wastewater.
However, when 20 mg of DE was added, 86.0 ± 0.2% of CTC
was removed (Figure 5A). Wastewater treated with alum prior
to treatment with DE resulted in the removal of CTC in the
flocculation process, and therefore, the performance of DE in

Figure 2. Langmuir isotherm for CTC in 10 mM PB pH 6.7 binding
to DE. Chlortetracycline binding data are represented by circular data
points. The isotherm is shown as the solid line fitted to the data.

Figure 3. Langmuir binding isotherm for CEF binding to DE in 10
mM PB pH 6.7. Ceftiofur binding data are represented by circular
data points. The isotherm is shown as the solid line fitted to the data.
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the presence of alum could not be isolated. Chlortetracycline is
structurally similar to tetracycline, which binds to aluminum
hydrous oxides.31 The pH of samples as a function of DE was
monitored to determine if binding efficiency effects were
related to pH (Figure 5B). As increasing amounts of DE were
added, only minor changes in pH were observed (pH 6.4−
5.9). Chlortetracycline in wastewater (pH 6.4) exists as a
zwitterion carrying a net neutral charge. Binding at this pH is
attributed significantly to charge−charge interactions between
the positively charged −NH+(CH3)2 group and the negative
surface charge of DE. Addition of alum significantly decreased
the pH of the samples (pH 3.0), as was observed in other AB-
spiked wastewater treated with alum. Further addition of DE
did not have any further effect on the pH of the samples.

Wastewater spiked with 50 μg mL−1 CEF was used to
determine the ability of DE to remove CEF from solution
before and after treatment with alum. Wastewater treated with
DE showed no removal of CEF from water (Figure 6A).
Wastewater had a pH of 8.4, which decreased to 7.5 upon
increased additions of DE (Figure 5B). At pH 7.5 and above,
CEF carries a negative charge and most likely cannot bind the
negatively charged surface of DE due to charge−charge
repulsions. Wastewater that was treated with alum prior to
addition of DE showed increased sorption of CEF to DE. This
favorable binding was most likely caused by the change in pH
resulting in more favorable charge−charge interactions. After
flocculation with alum, wastewater had a pH of 3.8, which is
near the pKa of the −COOH group on CEF and above the
pHzpc of DE. When the carboxylic acid is protonated, there are

Figure 4. (A) Tylosin removal from beef wastewater by DE as a function of increasing the mass of DE up to 99.2 ± 0.2%. When treated first with
alum followed by DE (black, square), up to 98.5 ± 1.4% was removed. (B) Changes in pH of samples of tylosin wastewater after treatment with DE
(red) and treatment with alum (black) prior to DE treatment.

Figure 5. (A) Removal of CTC from wastewater by increasing the amount of DE up to 86.0 ± 0.2%. No data is collected for the removal of CTC
by DE after treatment with alum due to CTC being removed by flocculation. (B) Change in pH as a function of DE for wastewater containing
CTC and wastewater containing CTC after treatment with alum.

Figure 6. (A) No CEF was removed when wastewater was treated with DE (red, circle). When wastewater was first treated with alum, followed by
treatment of DE (black, square), up to 93.8 ± 0.3% of the CEF was removed. (B) Change in pH as a function of DE for wastewater containing CEF
and wastewater containing CEF after treatment with alum.
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no longer charge−charge repulsions between CEF and the
negatively charged surface of DE, allowing for sorption through
hydrogen bonds or other noncovalent interactions.

4. CONCLUSIONS
Single component batch adsorption studies were conducted to
determine if DE is a viable affinity binding material for the
remediation of CTC and CEF from buffered aqueous
solutions. It was determined that DE was capable of sorbing
CTC at near-neutral pH but was much less efficient at sorbing
CEF at the same pH. The success of CTC sorption by DE was
most likely due to favorable charge−charge interactions
between the positively charged functional group of CTC and
the negatively charged surface of DE. The lower efficiency of
sorption of CEF to DE was attributed to unfavorable binding
between negatively charged CEF and negatively charged DE at
pH 6.7. Sorption of TYL, CTC, and CEF in wastewater to DE
was tested to determine whether the material could function as
a viable remediation material for AB in agricultural wastewater.
When wastewater was treated with DE, TYL and CTC were
removed from the solution, while CEF remained in the
wastewater. Sorption of TYL and CTC to DE was attributed to
favorable charge−charge interactions between the negative
surface of DE and the positively charged functional groups of
TYL and CTC. When wastewater was flocculated with alum
and decanted prior to treatment with DE, CTC was removed
by the flocculation process while CEF and TYL remained in
solution. Following addition of DE to flocculated wastewater,
both TYL and CEF were removed from the solution,
ultimately resulting in the removal of all three antibiotics in
a 2-step process. Changes in the efficiency of AB sorption to
DE are most likely due to the reduction in pH, from 8 to 4,
which created more favorable binding conditions between the
AB and DE. This work demonstrated the potential of DE to be
used as a sorption medium for remediation of agricultural
wastewater containing antibiotics from beef production
practices.
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