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ABSTRACT

In this study a recently built NF/RO pilot unit for removal of emerging contaminants from a plant
producing veterinary pharmaceuticals was tested. A wastewater stream of the plant, containing
residuals of antibiotics and other organics was treated by three different types of reverse osmosis
(RO) and nanofiltration membranes: XLE, NF90 and HL. Target compounds selected for this study
included three different classes of antibiotics: sulphonamides, diaminopyrimidine and fluoroqui-
nolone. A developed chromatographic method for determination of pharmaceuticals in a complex
wastewater was applied. The method involved a sample pretreatment by solid-phase extraction
(SPE) and analytical determination by high performance liquid chromatography (HPLC) with
DAD detectors. The results showed the complete removal of all the antibiotics by the typical
RO XLE membrane and by the tight nanofiltration membrane NF90. Only the loose nanofiltration
membrane element HL incompletely rejected the smaller sulphonamide molecules. The satisfac-
tory rejection of other solutes from a complex wastewater stream was also obtained.
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1. Introduction

Emerging contaminants are unregulated contami-
nants, which may be candidates for future regulation
depending on research on their potential health effects
and monitoring data regarding their occurrence. An
interesting group of such products used in large quan-
tities in everyday life, comprises human and veterinary
pharmaceuticals, personal care products, surfactants
and surfactant residues, plasticizers, different indus-
trial additives, dyes, etc. [1,2]. They are present in raw
sewage, treated water, surface water, ground water
and sometimes in drinking water. The characteristic
of this group of contaminants is that they do not need
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to be persistent in the environment to cause negative
effects since they are most often continuously intro-
duced into environment. Of all the emerging contami-
nants antibiotics [3,4] are of the biggest concern since
their environmental emissions can increase the occur-
rence of resistant bacteria in the environment, which
may lead to unforeseen consequences [5,6]. Although
some of these compounds occur in trace concentra-
tions, their physicochemical properties enable their
penetration through all natural filters and constructed
treatment facilities thus putting drinking water supply
systems at the risk. Existing technologies are not cap-
able of reaching the new levels of cleanliness, and the
international standards demand more efficient separa-
tion systems than those now in common use. In Croa-
tia, many industrial and agriculture wastewaters are
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Fig. 1. Schematic representation of the pilot-plant: H-holdup
tank; CF-20 pm cartidge filter; HP-high pressure pump
“GRUNDFOS”, type CRN 5-32; NFI-Filmtec NF90-2540
nanofiltration spiral element; NF2- Desal, Osmonics HL-
2540 nanofiltration spiral element; RO, Filmtec XLE-2540
reverse osmosis spiral element; P, permeate; R, — retentate.

still discharged untreated into the rivers. Protection of
surface waters and environmental sustainability, in
general, through efficient treatment of wastewaters
prior to their discharge are key issues in keeping the
satisfactory quality of water supplies.

As conventional water treatment processes are inef-
fective in removal of emerging contaminants,
advanced methods such as membrane processes,
advanced oxidation processes (AOPs), carbon adsorp-
tion, etc., should be used for this purpose [7-16]. Unfor-
tunately, oxidative processes with ozone and UV
radiation can produce a number of harmful disinfec-
tion by products. Therefore, the ability of membrane
separation processes, especially reverse osmosis (RO)
and nanofiltration (NF), to remove efficiently and eco-
nomically various substances makes them a natural
choice for removal of the emerging contaminants from
water. As the wastewaters are very complex, each was-
tewater makes a case for itself and its optimal treat-
ment asks for a detailed study.

The aim of this study is to examine the efficiency of
the recently built NF/RO pilot unit for removal of
emerging contaminants from manufacturing plant pro-
ducing veterinary pharmaceuticals, and to verify the
results obtained earlier [4] on the laboratory scale.

2. Methods and materials
2.1. RO/NF pilot unit

A newly built pilot unit (Fig. 1) containing two 5 um
cartridge filters and three spiral wound membrane
elements, type 2540: L = 1000 mm and D = 64 mm,
was installed at Veterina, Kalinovica. The membrane
elements chosen after the laboratory screening [4]
were: the RO membrane element, type XLE from

Dow /FilmTec, Midland MI; and two NF membrane
elements: NF90 from Dow/FilmTec and HL Desal,
Osmonics, GE Infrastructure Water & Process Techn.,
Vista, CA.

Before NF/RO experiments the wastewater was
treated by a coagulation—flocculation procedure.
FeCl3-6H,0 coagulant (cre3; = 3 g 1) and Magnafloc
LT20 flocculant (Ciba Specialty Chemical Ltd.) (0,001
wt%) were added to 1 m® of wastewater in the water
tank coagulant/flocculant doses were previously
determined by jar test. Then the wastewater was fil-
trated using a filtering cloth. Turbidity of pretreated
water was 6.9 NTU measured by a Hach 2100P turbidi-
meter. Conductivity and TOC of feed and permeates
were determined by the conductometer, Schott, model
Lab960 and by the carbon analyzer, Shimadzu, model
TOC-Vys, respectively.

The first experiments on the pilot unit using water
were performed in the continuous circulation mode to
determine the water permeation rates of the membrane
elements and to adjust the appropriate recovery rates.
The operation conditions during the experiments were:
pressure feed Preeq = 8 bar; pressure on membrane ele-
ments P,,=7 bar; flow of retentate Q = 600 1 h'!, T =
25°C; recovery rate (conversion): Y = 0.10-0.16

Then, the pretreated wastewater stream of the man-
ufacturing plant was treated with the same membrane
elements. It was previously found that the wastewaters
do not contain all the targeted antibiotics due to the
sporadic character of the antibiotics production in the
pharmaceutical works. Therefore the feed after coagu-
lation—flocculation pretreatment was spiked with the
selected antibiotics in addition to some antibiotic mate-
rial already present in it. The operation conditions of
the experiments were the same as in the water run.
The permeate samples withdrawn from the unit were
analyzed on the antibiotics content.

2.2. Target compounds

Target compounds in this study included three differ-
ent classes of antibiotics: sulphonamides—sulfaguanidine,
sulfadiazine, sulfamethazine; = diaminopyrimidine-
trimethoprim and fluoroquinolone—enrofloxacin. These
target compounds were characterized as slightly
hydrophilic or hydrophobic, with log Ko,w (octa-
nol-water distribution coefficient) between —1 and 1
and as the relatively large molecules with molecular
mass between 200 and 350 g mol '. Effective size of
the molecules was calculated by the energy optimiza-
tion method using the Hyperchem procedure [17].
Physicochemical properties of the target compounds
are summarized in Table 1.
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2.3. Analytical methods

The analysis of the spiked wastewater samples was
carried out by the extraction, concentration, separation
and identification of components on the same princi-
ples as described previously [18]. Before analysis was-
tewater samples were filtered through the 0.45 pm
nylon membrane filters and acidified with hydrochlo-
ric acid solution (0.1 mol 17") to pH 4.0. Solid-phase
extraction (SPE) procedure was carried out at 60 mg
Oasis HLB cartridges (Waters, Milford, Massachusetts)
using 100 ml of filtered and acidified wastewater sam-
ples. The retained analytics were eluted with 2 x 5 ml
of methanol and filtrates were evaporated to dryness at
40 °C. Residues were dissolved in 1 ml of methanol to
obtain 100-fold preconcentration and analyzed by LC
method. This was performed using a Varian ProStar
500 (Walnut Creek, California, USA) HPLC system
consisting of a ProStar 230 tertiary pump system, ProS-
tar autosampler, thermostated column compartment
and ProStar 330 diode array detector (DAD). A LiChro-
sphere 100 CN, 125 mm x 4.0 mm, particle size 5 pm
column (Merck, Darmstadt, Germany) was used to
separate all compounds in the mixture. The mobile
phase used in the chromatographic separation con-
sisted of a binary mixture of solvents A (0.01 mol dm
oxalic acid) and B (acetonitrile). Simultaneous separa-
tions of studied pharmaceuticals were achieved at the
following flow rate and mobile phase gradient pro-
gram: the elution started with 100% of A which was
maintained for 6 min, followed by a 19-min linear gra-
dient to 50% of eluent B and 5-min linear gradient back
to 100% of A. Flow rate started with 1.0 ml min~" which
was maintained for 6 min, followed by a 19-min linear
gradient to 0.8 ml min ' and 5-min linear gradient back
to 1 ml min~". The separation was monitored at absor-
bance wavelength of 280 nm and the column tempera-
ture was set to 30 °C. The injection volume was 20 pl.

3. Results and discussion

The experimental results of the permeate flux mea-
surement for three tested membrane elements in the
pilot unit are displayed in Fig. 2. The membrane fluxes
were measured at 8 x 10° Pa (8 bar). The permeate
fluxes of the XLE and NF90 membrane elements were
almost immediately stabilized, and there was an unex-
plained decrease of this parameter for the loose NF HL
membrane element. The membrane permeate samples
withdrawn from the unit were analyzed by the com-
mon analytical methods [19].

Fig. 3 and Table 2 show the results of the antibiotics
separation. HPLC-DAD chromatograms of feed waste-
water and XLE, NF90 and HL membrane permeates
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Fig. 2. Permeate flux changes of the examined membrane
elements.

are displayed in Fig. 3, showing the contents of sulfa-
methazine (SMETH), sulfaguanidine (SGUA), sulfadia-
zine (SDIAZ), trimethoprim (TMP) and enrofloxacin
(ENRO).

The calculated results on the antibiotics removal are
shown in Table 2. The almost complete rejection of all
antibiotics was achieved by tight NF90 and RO XLE
membrane elements. The loose NF HL membrane ele-
ment rejected TMP and ENRO completely, SDAIZ and
SMETH satisfactorily. Rejection of sulfaguanidine, the
smallest molecule by the HL element was only 65%.
These results confirm the previous laboratory findings
[4], and the conclusion that among the three acting
rejection mechanisms, size exclusion, charge exclusion
physicochemical interactions between solute, solvent
and a membrane [20], the first mechanism was the
dominant one for the examined unionazable antibiotics
by all the used membranes. Such a conclusion follows
from a relation between the solute rejections and the
membranes’ porosity. The porosities of the used mem-
brane elements were characterized on model waters
[21]. The pore size distribution (PSD) curves (Fig. 4)
of the examined membranes obtained at 8 bar display
the obvious differences among the membrane types.
The loose nanofiltration membrane HL is characterized
by the wide PSD and the bimodal distribution with
maxima at 1.02 nm and 1.56 nm. The largest pores
(those of 1.56 nm) of this membrane are responsible for
the lowest rejection of the organic molecules below 200
Da. The PSD of tight NFO0 membrane is practically
unimodal with most pores located at 0.840 nm and
RO XLE membrane have unimodal distribution with
the maximum at 0.548 nm, i.e. it is the densest one.

The analytical results showed also the presence of
other substances than antibiotics in wastewater. The
UV spectra of feed displayed more peaks and their dis-
appearance in the permeate streams (Fig. 3) points to
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Fig. 3. HPLC-DAD chromatograms of feed and XLE, NF90 and HL membrane permeates (1, SGUA; 2, SDIAZ; 3, SMETH,; 4,

TMP; 5, ENRO).

high rejections of such so far unknown compounds by
tight NF90 and RO XLE membranes while rejection of
these substances by the looser HL membrane is some-
what lower.

Additionally, it should be emphasized that the
results of reduction of the TC and conductivity con-
tents (Table 3) meet the regulation values for industrial
wastewater discharge in Croatia (NN 40/1999 and NN
6/2001).

The next step of investigation will be focused on
identification of the presently unknown substances,

including antibiotic degradation products, and on find-
ing of an optimal pretreatment method to reduce the
fouling phenomena.

4. Conclusion

The performance results obtained on the pilot unit
showed the complete removal of all the antibiotics by
the RO and by the tight nanofiltration membrane
NF90 elements. Only the loose nanofiltration HL
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Table 2. Separation of antibiotics

Table 3. Reduction of total carbon and conductivity

Rpermeate (%) Feed Permeate
Membrane type Feed/pg L' NF90 XLE HL NF90 XLE HL
Antibiotic pH 6.82 6.29 5.98 6.39
SGUA 495 >99.99 >99.99 6545 TC/ppm C 233.6 10.66 8.527 55.63
SDIAZ 810 >99.99 >99.99 88.27 R 0.954 0.964 0.762
SMETH 560 >99.99 >99.99 94.54 NTU 6.9 0.3 0.4 0.3
TMP 406 >99.99  >99.99 >99.99  y/puScm’ 504 12.6 6.95 135.1
ENRO 89.5 >99.99 >99.99 98.93 R 0.975 0.999 0.732

membrane element removed the smallest sulphona-
mide antibiotic incompletely (65%).

The comparison of these results to the PSD curves of
the examined membrane elements confirms the size
exclusion as the decisive antibiotics removal mechanism.

Qualitative and quantitative analysis of the veterin-
ary plant wastewater showed the presence of many
others organics in wastewater stream and a satisfactory
membranes’ ability to remove them.
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