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Abstract

High concentrations of calcium present in paperl midstewaters are considered as
they lead to some important problems during theattreent process. Recently,
submerged membrane bioreactor (sMBR) system haem lemmonly used to
industrial wastewater treatment and it is obsertieat membrane scaling or fouling is
one of the most important problems which causesynwgerational difficulties. A
decrease in membrane flux is observed after thendbon of CaC®@ film on the
membrane surface as inorganic membrane foulingiéc®@entered during the operation
of the sMBR. Microbial carbonate precipitation (MCprocess is a natural microbial
process and the mechanism of MCP is defined asaliiéy of microorganism to
alkalinise an environment through various physiatag activities. The purpose of this
study was to investigate the application of MCPpaper-mill wastewater as a pre-
treatment method prior to submerged membrane baoeaThe potential for CaCfO
removal from wastewater through urea was investigatit optimum operation
conditions obtained from the batch tests using@useacing batch reactor (SBR). The
optimum dosage of urea and HRT were determinedl 4rgd 72 h. The results obtained
indicated that the calcium removal efficiency wasnid to be 90.16% at optimum
experimental conditions in the SBR operation. Isvieund out that the MCP was a
suitable method for calcium removal and it can Beduas a pre-treatment method of
paper-mill wastewater treatment to avoid calciunalsg and inorganic fouling in
SMBR in the study.

Keywords:Calcium removal, microbial carbonate precipitatiggaper-mill industrial
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Yiuksek kalsiyum iceren kgt endustrisi atiksuyundan mikrobiyal
CaCQ cokturmesi ile kalsiyum giderimi

Ozet

Yuksek konsantrasyonda kalsiyum iceregitkandustrisi atiksulari aritma prosesleri
esnasinda bazi onemli problemlere sebep @ldigin dikkate alinmaktadir. Son
zamanlarda batilk membran biyoreaktér (bMBR) sistesnidiistriyel atiksularin
aritiminda yayginsekilde kullaniimaya bdanmitir ve isletmede pek cok zorluklara
sebep olan problemlerden biri olarak membran tikanpnoblemleri gézlenmektedir.
bMBR'de §letme esnasinda membran yilizeyinde Ca® tabakasi olstuktan sonra
inorganik membran tikanmasi otugu icin membran akisinda giiy g6zlenmektedir.
Mikrobiyal karbonat coktirme (MCP) prosesi g bir mikrobiyal prosestir ve
mikroorganizmalarin dg&sik fizyolojik aktiviteleri vasitasi ile ¢cevrede alkite Gretme
yetenekleri olarak tanimlanir. Bu cgimanin amacit MCP uygulamasinin gka
endustrisi atiksuyu icin batik membran biyoreakificesinde 6n aritim metodu olarak
kullaniminin aratirilmasidir. Ure vasitasiyla atiksudan Cag@lderim potansiyeli 6n
testler ile belirlenen optimunyletmesartlarinda ardsik kesikli reaktor (SBR) sistemi
kullanilarak argtiriimigtir. On calsmalar ile optimum (re dozu ve hidrolik bekleme
suresi (HRT) 4 g/L ve 72 sa olarak belirlegtini SBR’de optimum deneyselskbar
altinda elde edilen sonuglar %90.16 kalsiyum gigeriverimi elde edildini
gostermgtir. Bu calsmada MCP prosesinin kalsiyum giderimi icin uygum imetot
oldusu ve bMBR’de kalsiyum tikanmasi ve inorganik tikayinonlemek icin kat
endustrisi atiksuyunun aritiminda 6n aritim metoldwak kullanilabilgi bulunmuytur.

Anahtar kelimeler: Kalsiyum giderimi, mikrobiyal karbonat coktirmeskagit
endustrisi atiksuyu, tre hidrolizi.

1. Introduction

The pulp and paper industry is one of the most @ industries in the world [1].
One of the major raw materials used in the pulp paper industry is wood, and it
consists of cellulose fibres, carbohydrates (starahsugars), and lignin (as an adhesive
substance for the cellulose fibres) [2]. The woadpimg and production of paper
products produce substantial amounts of pollutahtsacterized by suspended solids
(SS), chemical oxygen demand (COD), biochemicalgerydemand (BOD), toxicity
and color [1]. On the other hand, produced wastemedn include more than 200-300
different organic compounds and approximately 7@fanic and inorganic compounds,
which may contain adsorbable organic halogens, glfeenompounds etc., depending
on the applied pulping process, addictive chemieald consumed water [3, 4]. As
known, the pulp and paper wastewater charactesizat@ries depending upon the type
of process applied and the process technologytHieitype of wastewaters, the COD
concentration can be as high as 11000 mg/L [2]. tl@nother hand, recycled waste
papers are increasingly being used during thedasades, instead of producing paper
using virgin fiber resulting in protection of naalirresources and reduction in both
emissions and solid waste generation [5]. The amotiwastewater from the process
producing paper via waste paper is quite small @egto the virgin pulp and paper
production process [6]. The paper recycling progesgsires high amounts of calcium
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and the wastewater contains high calcium conceotigtreaching between 10 to 40
mM [7]. Calcium carbonate (CaGPis used to improve paper surface properties, to
obtain high whiteness, opacity, and to produce kpgdiity paper. Using high amount of
calcium causes clogging of pipelines, boilers am@thexchanger or aerobic and
anaerobic treatment systems [7]. Ca@3o0 causes scaling or fouling in the membrane,
when wastewater is treated with sSsMBR [8].

The pulp and paper wastewater treatment methodisde@hysicochemical, biological
and integrated treatment processes. Physicocherpiogkesses are used to remove
colloidal matter, SS, toxic compounds and colomfrpulp and paper wastewater, and
include screening, sedimentation, flotation, uilir@tion, coagulation and flocculation
and ozonation [9]. Aerobic and anaerobic biologtcahtment processes can be used to
remove organic contaminants in pulp and paper weaséz. Recently, the performance
of MBR technology for different applications in tpalp and paper processes have been
investigated, and the overall review indicated tti$é technology, in most cases, is
feasible [1, 10]. However, it is known that meml@aiouling because of calcium
carbonate scaling and biofouling proved to be \sagous and can cause severe flux
reduction in MBR. Therefore, MBR systems treatindppand paper mill wastewaters
require proper and more complicated maintenanceersigs when compared to a
classical activated sludge system. Lerner et aw[® investigated full scale activated
sludge plant (AS) and a pilot membrane bioreadtBBR) having flat sheet membranes
for the treatment of paper mill wastewater mentibsealing problem. In a later study,
Simstich et al. [11] investigated the treatmenpaper mill de-inking wastewater using
an sMBR under thermophilic aerobic conditions armehconcluded that the COD
removal rates were around only 83%. The authors h#so observed calcium scaling.

Calcium ions in water and wastewater precipitatescarbonate minerals both in
presence of microorganism and interactions of thesieroorganism with the
precipitated minerals. MCP is one of the naturatpsses and occurs as a by-product of
common microbial metabolic processes, such as piotioesis, urea hydrolysis and
sulphate reduction [7, 12, 13]. MPC via urea hygsis has been used in bioremediation
previously [14]. Urea degradation is a simple psscand it can be integrated in a
biological wastewater treatment system. Furthermanea is not an expensive
chemical. Urea provides hydrolysis which cause #emeously a pH and dissolved
inorganic carbon increase, both of which are egdetd precipitation [12]. In the
process, the microbial urease enzyme hydrolyzes toreroduce dissolved ammonium,
dissolved inorganic carbon and €O’he ammonia is released and therefore the pH
increases, then it leads to the accumulation obluide CaCQ@ in a calcium rich
wastewater. In the process, 1 mole urea is hydedlys 2 moles of ammonia (Egs. (1-

3)).

HaNCONH, + HoO — 2NHs + CO (1)
2NHs + CO» + HyO2NH,* + CO2 ()
Ca* +CO# < CaCQ (3)

These reactions occur under natural environmené gH is above the 6.5 and the
optimum pH is around 9. The optimum temperaturgearfrom 20 to 37 °C.
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In the previous study carried out by the authorghig study, pulp and paper mill
wastewater treatment with an SMBR system was irgegsid and urea was added to the
system in order to balance the COD/TKN ratio of fleed wastewater. Calcium
precipitation and accumulation was observed on dkER walls, air diffuser and
hollow fibre membrane surfaces. When the reasaisfproblem was investigated, it
was found out that the enzymatic hydrolysis of wwaased CaC&precipitation in the
reactor. The calcification in the SMBR was obserasda result of microbial calcium
precipitation (MCP). Hammes et al. [7, 12] reportieat it was possible to removea
from industrial wastewaters such as paper recycliume processing and citric acid
production, and landfill leachate by MCP to preveailtcification and scaling problems
in pipelines and reactors. However, during thiglgiuhis natural reaction occurred in
the sMBR and, therefore, caused scaling on the mamband the air diffuser. As a
result, membrane flux and dissolved oxygen coneéntr decreased in the reactor.

In this study, therefore, MCP was investigateddmaeve calcium from the pulp and
paper wastewater to prevent the scaling and foydmglem in the SMBR studied.

2. Material-Method

2.1. Characterization of wastewater

The recycled paper mill wastewater was taken froenvtastewater treatment plant of a
paper mill factory located in Istanbul. The fullate treatment plant has a pre-
sedimentation tank for solids separation, an aréertreatment followed by an

activated sludge reactor. The characteristics of wastewater were summarized in
Table 1. As can be seen in Table 1, the calciuncemnation of the raw wastewater
was very high, as was the case for the study chowg by Simstich et al. [11]. The

ammonia and phosphate concentrations were verydewyas expected for paper mill
wastewater. The C/N/P ratio for the studied papér wastewater was found to be

about 100/0.7/0.069.

Table 1.Characteristics of raw paper mill wastewater.

Parameter Unit Raw wastewater
COD (Chemical oxygen demand) mg/L 11415

BOD:s (Biochemical oxygen demand) mg/L 7155

TS (Total solids) mg/L 11140
TSS (Total suspended solids) mg/L 127
TKN (Total Kjeldahl nitrogen) mg/L 79.7
NHz-N (Ammonia nitrogen) mg/L 12
TP (Total phosphorus) mg/L 7.9
PQy-P (Orthophosphate) mg/L 1.3

pH - 5.93

Alkalinity mg CaCQJ/L 2380

Calcium mg/L 2074

2.2. Experimental set-up
Determination of optimum urea concentration: Baggperiments were conducted with
100 mL raw paper mill wastewater in Erlenmeyer. Tinea concentration of 0, 0.25,
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0.5, 1, 2, 4, 8, 16 g/L were added in each erlemmagspectively. These were then
incubated at 100 rpm, 20 °C for 4 days. At the efd4 days, the floated and
precipitated materials were withdrawn and the fiatieffluent sample was pipetted out
from the Erlenmeyer, and then allowed to settleaféew hours in a polyethylene flask.
Finally, the clarified supernatant liquid was cotkd and preserved according to the
standard methods and stored for characterizatidh [Qalcium, pH, NH-N analysis
were carried out to determine the optimum urea eotmation.

Determination of hydraulic retention time (HRT): dnder to determine optimum HRT,
batch tests were performed at optimum urea coratgmir that was specified before.
The HRT of 18, 24, 48, 72, 96 hours were chosenthatend of each batch test,
samples were taken and analysed for Calcium, pHNteN. All experiments were
carried out in duplicate and average values ofsdatxe used in results.

Operating Sequencing Batch Reactors (SBR): In dalewaluate the SBR performance
for calcium, NR-N and COD removal efficiencies, it was operatddvworking volume

of SBR at optimum urea dosage and HRT which wagroeted by batch tests
previously. SBR was operated on the principleof phases. These phases were fill,
react, settle, and draw. The wastewater was canisiy mixed at a magnetic stirrer for
the specified HRT value. Followed by 2 h of seglend 0.2 h discharge of 1.5 L top
clear solution. This completed an operating cydléehe SBR process. Then 1.5 L of
wastewater were added to start the next cycle.

2.3. Sampling and analysis

The calcium analysis were measured using a flaramiatadsorption spectrometry
(Perkin Elmer Analyst 400). The pH in all batchttesvere measured by a WTW
Multiline P4 multimeter (SenTix 41 pH probe). Alther analyses were performed in
accordance with the Standard Methods [15]. Allchemicals used were of analytical-
reagent grade.

3. Results and Discussion

3.1. Optimization of urea dosage

Figure 1 shows that urea dosage versus calciumeotration and calcium removal
efficiencies. As can be seen from Figure 1, optimure@a concentration under the
experimental conditions was 4 g/L. The calcium reat@fficiency was found 92.7%
and calcium concentration was measured 151 mgthisrurea dosage.
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Figure 1. Determination of optimum urea dosage (HRdays).

The pH variations under the experimental conditicers be seen in Figure 2. As can be
seen in Figure 2, the pH value of raw paper milsteeater was 5.64. The pH value
increased gradually as urea dosage increased ftomi® g/L after 4 days of incubation
at 20 °C. The pH value was measured 8.5 at thedasage of 4 g/L. The pH value did
not exceed 9.26 at all urea dosage because ofmtheoaium buffer equilibrium as it
was given in Equation 4 [12].

NHs" <NH3 + H+ (pKi=9.26) (4)

Figure 3 shows that the theoretical and measureg@NNldoncentration versus urea
dosage at experimental conditions. Theoreticallyg, Urea equals 467.4 mg MHN. As
seen from Figure 3, the NHN concentration increased with an increase in dosage.
The theoretical and measured concentration of-NHvas same under the urea dosage
of 2 g/L, however, the NHN concentrations were slightly lower than expedtadthe
urea dosage of 4, 8 and 16 g/L. The pH values vWeened 8.5, 8.89, 9.06 for the urea
dosage of 4, 8 and 16 g/L, respectively. As is kmoWNHs-N can be removed by
ammonium or air stripping process. In air strippprgcess, NktN is transferred from
the waste stream into the air and then fluxed timoambient air. The Ng=-N will likely
escape to the atmosphere unless it reacts withr w@torm NH:*. In this study, the
NH3-N concentration of sample could be ascribed to amum volatilisation. As seen
from the Figure 3, the maximum N# volatilisation was found 20.4% for the urea
dosage of 16 g/L.
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Figure 2. The pH variations of batch test for daieation of urea dosage (HRT: 4
days).
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Figure 3. The NBtN variation of batch test for determination ofaidosage (HRT: 4
days).

3.2. Optimization of hydraulic retention time

Figure 4 shows the relationship between HRT andiwal concentration and calcium
removal efficiencies which was obtained via bate$ts at optimum urea dosage of 4
g/L, 20 °C and 100 rpm. As seen from Figure 4, dakium removal efficiency was
found 90.16% at HRT of 72 hours. The pH value wasmél 7.98 at this experimental
condition (Figure 5). The N#HN concentration was shown in Figure 6 andsN\H
concentration was measured 1817 mg/L, as the thealr&lHz-N concentration was
1870 mg/L.
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Figure 5. The pH variations of batch test for daieation of HRT (optimum urea
dosage: 4 g/L).

Based on the results of the experiments which weneducted to determine the

optimum urea dosage and HRT, it was determinedtbigbptimum urea dosage is 4
g/L and the optimum HRT is 72 hours.
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Figure 6. The NBN variation of batch test for determination of HROptimum urea
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3.3. Performance evaluation for sequencing batctactor (SBR)

The SBR was operated just over 30 days at optimrega dosage and HRT values in
order to remove calcium present in paper mill waater via microbial calcium
precipitation process, which is a natural procéggure 7 shows the calcium and COD
removal efficiencies for both control reactor ahé SBR. As seen from the Figure 7,
calcium removal efficiencies exceeded 90% aftera§sdof operation in the SBR,
however, only 5.6% average calcium removal efficiewas obtained in the control
reactor. Hammes et al. [12] investigated calciumaeal from industrial wastewater
using a bio-catalytic CaCprecipitation. In the study, anaerobic effluentsvanosen
and the authors obtained 85% and 13% calcium rehiiovhe process for reactor and
control effluent, respectively. On the other hatitgy obtained 8.1% and 15% COD
removal efficiencies for reactor and control, respely. In this study, it was obtained
17.3% and 18.5% COD removal efficiencies for cdnieactor and SBR.

The variations of N&tN concentration and pH for both reactors were showrigure
8. The NR-N concentration decreased slightly from 12 mg/19tb1 mg/L for control
reactor throughout the operation. The average vaflidHz-N concentration was found
1830 mg/L in the SBR. The pH increased slightlyrfré to 6.85 for control reactor. The
pH values for SBR varied between 7.85 and 8.23ugjitout the operation.
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Figure 8. NH-N concentrations in control reactor and SBR.

4. Conclusion

This study investigated the effectiveness of MCP tfe pre-treatment of pulp and
paper mill wastewater. In order to determine optimuwrea dosage and HRT, batch tests
were conducted in the incubator at 20 °C and 10@ #fter the determination of urea
dosage and HRT, the SBR was operated at thesetiomsdover 30 days. The obtained
results respresented that the calcium removalieffoy was very satisfactory and the
MCP was a suitable process to remove excess calaumpulp and paper mill
wastewater. According to the COD results obtainednf SBR, the COD removal
efficiency was only 18.5%. With using MCP processobbe the sMBR, the main
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operational problem was calcification in the sMBRasweliminated in the sMBR
systems which caused scaling and fouling on thetoeavall, air diffuser and hollow
fibore membrane surfaces. As a final remark, it barsaid that the MCP process was
used for pre-treatment for pulp and paper mill eastter, thus, the excess calcium
should be removed before the wastewater is intredltc the MBR system to prolong
membrane filterability.

Acknowledgment

A part of this study has been presented in Intesnat Conference on Civil and
Environmental Engineering (ICOCEE Cappadocia 2@k7an oral presentation.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

Pokhrel D., and Viraraghavan, T., Treatment of g paper mill wastewater-
a review.Science of the Total Environment333, 37— 58, (2004).

Thompson, G., Swain, J., Kay, M. and Forster, ClRe treatment of pulp and
paper mill effluent: A reviewBioresource Technology 77, 275-286, (2001).
Karrasch, B., Parra, O., Cid, H., Mehrens, M., Raoh P., Urrutia, R.,
Valdovinos, C. and Zaror, C., Effects of pulp arapbgr mill effluents on the
microplankton and microbial self-purification capdies of the Biobio River,
Chile, Science of the Total Environment359, 194-208, (2006).
Buyukkamaci, N. and Koken, E., Economic evaluatbalternative wastewater
treatment plant options for pulp and paper indysBgience of the Total
Environment, 408, 6070-6078, (2010).

Van Beukering, P. J. H. and Bouman, M. N., Emplrievidence on Recycling
and Trade of Paper and Lead in Developed and Dewe/dCountriesWorld
Development 29, 1717-1737, (2001).

Kamali, M. and Khodaparast, Z., Review on recentettijmments on pulp and
paper mill wastewater treatmercotoxicology and Environmental Safety
114, 326-342, (2015).

Hammes, F., Seka, A., Van Hege, K., Wiele, T.V.n¥ardeelen, J., Siciliano,
S.D. and Verstraete, W., Calcium removal from indaswastewater by bio-
catalytic CaCO3 precipitationJournal of Chemical Technology and
Biotechnology, 78, 670-677, (2003).

Lerner, M., Stahl, N. and Galil, N.I., Comparatsteidy of MBR and activated
sludge in the treatment of paper mill wastewatéfater Science and
Technology,55, 23-29, (2007).

Ashrafi, O., Yerushalmi, L. and Haghighat, F., Veagter treatment in the
pulp-and-paper industry: A review of treatment gsses and the associated
greenhouse gas emissialgurnal of Environmental Management 158, 146-
157, (2015).

Lin, H., Gao, W., Meng, F., Liao, B.Q., Leung, K.EZhao, L., Chen, J. and
Hong, H., Membrane Bioreactors for Industrial Wasteer Treatment: A
Critical Review,Critical Reviews in Environmental Science and Techology,
42, 677-740, (2012).

Simstich, B., Beimfohr, C. and Horn, H., Lab scaeperiments using a
submerged MBR under thermophilic aerobic conditiéms the treatment of
paper mill deinking wastewateBjoresource Techology122, 11-16, (2012).

362



[12]

[13]

[14]

[15]

SARI ERKAN H., ONKAL ENGN G.

Hammes, F., Seka, A., Knijf, S. and Verstraete, W.novel approach to
calcium removal from calcium-rich industrial wastder, Water Research,37,
699-704, (2003).

Okwadha, G. D. O. and Li, J., Optimum conditions foicrobial carbonate
precipitation,Chemosphere 81, 1143-1148, (2010).

Fujita, Y., Ferris, F. G., Lawson, R. D., ColweH, S. and Smith, R. W,,
Calcium carbonate precipitation by ureolytic submte bacteria,
Geomicrobiology Journal, 17, 305-318, (2000).

Standard Methods for the Examination of Water andstétwater, 21th edn,
American Public Health Association/American WateoM$ Association/Water
Environment Federation, Washington DC, USA, (2005).

363



