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ABSTRACT: The reduction of the specific effluent discharge volumes of paper mills leads to concentrated pro-
cess waters that are difficult to treat. Evaporation is an effective water reclamation technology; however, its feasibili-
ty largely depends on the fouling behavior of the calcium rich process water.

A pilot plant study was conducted to investigate fouling of an evaporator processing the production water from a
recycled containerboard mill. The evaporator was operated continuously for five weeks at an evaporation tempera-
ture of 55°C and a differential temperature of 5°C, and with a recovery rate of approximately 90%. The calcium ion
concentration of the circulating liquor exceeded 7,000 mg/L with a pH of 6.

Despite the high fouling potential of the circulating liquor, the heat transfer coefficient did not decline over the
investigated trial. The absence of deposits on large areas of the heating surfaces demonstrate that the process water
does not generally form deposits under the conditions that were investigated. Calcium sulfate deposits were only
found in areas where there was inadequate coverage of liquid over the heating surfaces.

The findings show that evaporators can be used to effectively close the water system of recycled containerboard

mills without fouling impacting the energy efficiency.

Application: This work demonstrates for the first time, in a long-duration pilot plant study, the successful use of
evaporation to reclaim water from the process water of a recycle containerboard mill without negative impact on its
energy balance. For this purpose, a custom-built low-temperature vacuum evaporator pilot plant was installed on-
site at a paper mill to investigate operation, selective separation efficiency, and feasibility under relevant conditions.

n 2017, around 422 million metric tons of paper and pa-

perboard were manufactured worldwide [1]. Of this, the

largest paper segment was recycled containerboard with
33% [2]. The average specific effluent discharge volume of
European recycled paper mills is approximately 5.5 m3/met-
ric ton [3]. This data suggests a theoretical wastewater
discharge volume of 776 million m3 from recycled contain-
erboard mills every year. The industry’s global impact on
water resources increases with its annual growth rate, which
was 2.7% in 2017 [4]. Water scarcity and related challenges
require commercial water consumers to respond by imple-
menting strategies for water stewardship and best practice
[5]. This has led to renewed interest in zero liquid discharge
schemes using thermal separation processes [6].

Water system closure in the paper industry
Zero liquid discharge or water system closure has been a
long-standing goal for the water intensive paper industry.
Since the 1970s, the specific effluent discharge volume of
paper and board mills has been successively reduced from
close to 50 m3/metric ton to less than 10 m3/metric ton;
however, since 2000, no significant reductions were real-
ized [7]. Recycled containerboard mills operate with the
lowest specific water discharge volumes of all paper grades.
Recycled packaging paper mills in Germany, for example,
were found to operate with a specific effluent discharge
volume of 3 m3/metric ton on average [8]. Completely closed
water systems are rare, because system closure is accom-
panied by an exponential accumulation of non-fibrous ma-
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terials in the process water that adversely affects production
and product quality [9]. In recycled containerboard mills,
these substances are primarily starch and calcium carbon-
ate that enter the production process with the recovered
paper. Up to 65 kg of starch in the form of strength agent
and water-based glue enters the process with each metric
ton of recycled packaging paper grades [10]. Up to 38 kg of
calcium carbonate in the form of filler and coatings are in-
troduced with every metric ton of recycled graphical paper
grades [11]. It was found that 50%-70% of the starch is re-
leased into the water during repulping [12]. Starch dissolves
in the process water and hydrolyzes to glucose, which pro-
vides the nutritional basis for anaerobic bacteria. Anaerobic
fermentation converts glucose into volatile fatty acids
(VFAs), which again dissolve calcium carbonate [13]. More-
over, the content of kraft fibers (sulfate pulping) contained
in the recycled packaging grades introduces sodium and
sulfate ions into the process, which are derived from so-
dium sulfate that is used in kraft pulping to produce fiber
pulp. As completely closed systems are rare, little data is
published on the process water parameters of such systems.
Table I shows industrial data published in the literature
for three recycled containerboard mills with completely
closed water systems. The previous theory and the exam-
ples shown in Table I indicate that the process water of
recycled containerboard mills can be characterized by high
organic substances such as VFAs, as well as calcium ion
concentrations.

The high chemical oxygen demand (COD) concentra-
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Smurfit
Kappa
Ziilpich [14]

Specific discharge volume m3/metric ton 0 0 0.3
Ca2+ mg/L 2,650 2,100 2,000
pH - 6.3 6.6 6.4
VFAs* mg/L 7,250 - -
COD O,mg/L 32,800 40,000 -
SO, mg/L 1,350 1,800 1,500
Temperature °C - 51 38
TOC mg/L - - 10,300
* Sum of acetic, propionic and n-butyric acid.
Ca2+ = calcium ion; VFAs = volatile fatty acids; COD = chemical oxygen demand, SO, = sulfate; TOC = total organic carbon.

1. Process water parameters of three recycled containerboard mills with closed water systems.

tions of 32,800 and 40,000 O,mg/L, as well as the high total
organic carbon (TOC) of 10,300 mg/L, of the process waters
shown in Table I are indicators for high concentrations of
dissolved organic substances, such as starch and its degra-
dation products, in the water. The presence of VFAs with
a concentration of more than 7,000 mg/L is evidence for
ongoing anaerobic fermentation in the process [13]. The
calcium ion concentration of 2,000 to 2,650 mg/L indicates
calcium carbonate dissolution due to the presence of VFAs.
Prior research studied the impact of water system closure
in recycled containerboard mills on process water charac-
teristics and calcium carbonate solubility in order to evalu-
ate the suitability of water treatment technologies [106].
Commonly used technologies to treat the process water
of recycled containerboard mills are biological treatment
and membrane filtration. Biological water treatment in
paper mills was established in the 1980s and is mostly de-
signed as combined anaerobic/aerobic stages [17]. In the
anaerobic reactor, the dissolved organic substances are con-
verted into biogas [18]. To facilitate this methagonesis, the
pH needs to be near neutral. This and the fact that the bio-
gas contains approximately 20% carbon dioxide leads to
the reformation of calcium carbonate [18]. Calcification of
anaerobic sludge granules and deposition of precipitate in
the reactor adversely affect the degradation efficiency and
cause operational problems. This is a widespread problem
for paper mills operating with concentrated process waters
due to advanced water system closure [19-21]. Membrane
filtration such as ultrafiltration, nanofiltration, and reverse
osmosis can be used to remove dissolved organic and in-
organic substances down to monovalent ions from process
water [22]. However, the main issue is fouling of the mem-
brane pores due to deposition of contaminants [23]. The
combination of biological treatment and membrane filtra-
tion, to first reduce the organic content and subsequently
remove the inorganic constituents, was found to be unsuc-

cessful in pilot scale because of fouling [24]. The same con-
clusion was drawn from a full-scale implementation in in-
dustry that was abandoned after two years of optimization
[25]. These negative experiences suggest that biological
treatment as well as membrane filtration are too sensitive
to treat the highly concentrated process water from recycled
containerboard mills with restricted water systems.

Evaporation
The principle of evaporation is based on thermal separation
of a solvent from a solution due to differences in boiling
points. In contrast to biological treatment, evaporation does
not introduce carbonates that would cause calcium carbon-
ate formation. It further does not have the risk of plugging,
because it does not use a filter medium. Laboratory trials
demonstrated that evaporation efficiently removes non-
volatile inorganic contaminants from the white water of a
thermomechanical pulp mill [26]. Another study also found
a high removal efficiency for organic substances [27]. There-
fore, evaporation is capable of producing a condensate suit-
able to substitute freshwater from process water that is dif-
ficult to treat with conventional methods, thereby
potentially eliminating effluent and achieving complete
water system closure.

Evaporators in the pulp and paper industry find applica-
tion in chemical pulp mills that are based on the sulfate
process. Cellulose fibers are extracted from wood chips by
cooking them in a strong alkaline solution of sodium hy-
droxide and sodium sulfide [28]. The solution with extract-
ed lignin is then concentrated in evaporators from 15%-20%
to 70%-80% dry solids content, which makes it possible to
incinerate the liquor to recover pulping chemicals and gen-
erate energy [29]. In the early 1990s, two Canadian me-
chanical pulp mills started using evaporators to eliminate
liquid waste from their production processes [30,31]. More
mills followed the example in other parts of the world
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[32,33]. In this process, the diluted process water with a dry
solids content of approximately 2% is first concentrated
using mechanical vapor recompression evaporators until it
reaches a solids content of 35%. Subsequently, steam driven
multiple effect evaporators further increase the solids con-
tent to 70%, which allows incineration of the concentrate
[34]. In recycled containerboard mills, wastewater evapora-
tors are rare, though examples do exist. An evaporator with
polymeric heat exchange surfaces was installed at a mill in
Saudi Arabia for the treatment of saline groundwater and
process water. The concentrate is disposed of at a liquid
waste dump [35]. A mill in the desert of New Mexico uses
an evaporative crystallizer to treat the concentrate from
upstream membrane filtration [36]. In Mexico, a mill uses
four multiple-effect evaporators and an evaporative crystal-
lizer to achieve zero liquid discharge [37].

The limited use of evaporators in recycled container-
board mills is in part due to the high investment and op-
erational cost. High investment costs for evaporators are
due to the large heating surfaces made from corrosion-re-
sistant metal and potentially expensive surface finish. The
specific energy consumption of effluent evaporators in me-
chanical pulp mills is reported to be between 17 and around
20 kWh/m3 (or 72 kJ/kg) [33,34,38]. The previously-men-
tioned evaporator with polymeric heating surfaces has a
specific energy consumption of 9-13 kWh/m3 (or 32-47 kJ/
kg) [39]. This is due to the low evaporation temperature of
50°C-65°C and a very small differential temperature of less
than 2.5°C [40,41]. The practicality of implementing evapo-
rators in recycled containerboard mills depends not only
on investment and energy costs but also on the deposition
of substances on heat exchange surfaces, which can de-
crease energy efficiency and require extra cleaning and
maintenance efforts.

Fouling
Fouling describes unwanted deposit formation on heat ex-
change surfaces [42]. The insulating effect of the addition-
al foulant layer increases the thermal resistance and re-
duces the overall energy efficiency of heat exchange
equipment. Fouling can become a chronic operational
problem. A survey in New Zealand found that approxi-
mately 90% of the investigated heat exchangers experience
fouling [43]. Fouling is accompanied by significant opera-
tional and economic consequences, such as production
loss and reduced runtimes between cleaning intervals, as
well as related safety and environmental hazards [43]. In
anticipation of fouling, additional cleaning equipment be-
comes necessary and heat exchange surfaces are deliber-
ately oversized by design [44]. The total cost for heat ex-
changer fouling was estimated to be 0.28% to 0.35% of the
gross national product (GNP) in the USA [45] and 0.2% to
0.33% of the GNP in the UK [46, 47].

Due to the high calcium ion concentration in the process
water of recycled containerboard mills, as shown in Table
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I, this study focuses on precipitation fouling caused by the
crystallization of the calcium salts, namely, calcium carbon-
ate (CaCO;) and calcium sulfate (CaSO,). The thermal con-
ductivities of CaCO; and CaSO, are 2.9 and 2.3 W/m*K,
respectively, compared to 16 W/m*K for stainless steel [48].
These low values mean that the presence of even a thin
layer of calcium salts will dominate the overall heat transfer
resistance, especially considering the thin stainless-steel
sheet thickness of most heat exchanger surfaces of approx-
imately 12 mm.

The mechanism of precipitation fouling consists of three
steps. First, the aqueous salt solution supersaturates. Then,
a nucleus is formed, which consequently acts as a seedling
for crystal growth on the heat exchanger surface [49]. This
process is governed by simultaneous deposition and ero-
sion of the foulant from the heating surface [50]. Numerous
factors influence the deposition rate, including fluid prop-
erties, heat exchange surface characteristics, and operating
conditions [51].

The fluid properties determine the dissolved solids sat-
uration and subsequent formation of precipitated particles
that can attach to surfaces in the first place. As the fouling
mechanism is initiated by forming a nucleus, the super-
saturation of dissolved salts in the fluid is considered the
most important factor influencing the rate of fouling [52].
It was found that with increasing concentration of ions, the
formation of a nucleus, as well as the deposition rate of
CaCO;, increases [53]. The pH is also important for CaCO,
deposition, as it influences the presence of counter ions by
shifting the carbonic acid—carbonate equilibrium [54].

Surface properties of the evaporator heat exchange sur-
faces, such as roughness and topography, influence the
initial deposition, as they affect the particle adhesion.
Smooth surfaces offer less nucleation sites [55]. Roughness
provides more surface area and consequently increases the
chance for deposition [56]. For example, the attraction of
particles in a synthetic sea water solution to a 90-10 copper-
nickel surface with a roughness, Ra, of 1.27 um (standard
mill finish) was several times higher than to a mirror finish
surface with Ra of 0.127 pm [57]. It was also shown that the
weight of the deposit of crystallization fouling of calcium
carbonate on stainless-steel plates increased with surface
roughness and topography [58]. Low surface free energy is
related to less attachment and easier cleaning. However,
there is no simple, direct correlation between surface free
energy itself and fouling, as the molecular interactions also
depend on smoothness of the surface and the crystalline
properties of the deposit [59].

Evaporator operating conditions such as hydrodynamics
and thermal conditions further influence fouling. One
paper found that crystal growth increases with surface tem-
perature and decreases with increasing flow velocity [60].
The fouling rate increases with higher surface temperature
[61,62], higher differential temperature [61,63], and lower
flow rate [61,64,65]. Research showed that the wetting area
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1. Simplified illustration of the water system of a recycled containerboard mill with internal water clarification (WW = white water).

of a falling film is reduced at low temperatures and flow
rates due to film shrinkage, especially at the bottom of the
heating surface [606].

The heat transfer capacity of fouled evaporators may be
recovered by periodic cleaning. A mill survey found that
black liquor evaporators were cleaned three times per
month on average, with some evaporators requiring up to
twelve cleaning shutdowns per month [67]. A study on black
liquor evaporation concluded that deposit formation can be
reduced by reducing evaporation temperature and differ-
ential temperature. Furthermore, deposit formation in-
creased with higher solids content. The deposits were iden-
tified as water soluble and fibrous [68]. A laboratory study
found that the deposits in an evaporator for effluent treat-
ment from a mechanical pulp mill were mostly organic
matter. The heat transfer coefficient (HTC) was reduced by
more than 30% after only 40 h of operation [69]. In one in-
vestigation, an effluent evaporator in a mechanical pulp
mill required pressure cleaning on a monthly cycle, which
took the evaporator unit off process for 24 h [33].

Crystallization fouling of CaCOj is primarily mitigated
by reducing the pH to transform carbonate species into
carbonic acid/dissolved carbon dioxide. Calcium sulfate is
not pH dependent; deposit formation of CaSO, was shown
to be mitigated successfully by the addition of 0.1 g/L of
ethylenediaminetetraacetic acid (EDTA) [70]. Cleaning
CaSO, deposits was found to be effectively done by using
a sodium carbonate (Na,COj) solution at elevated tempera-
ture [71].

In summary, water system closure in recycled contain-
erboard mills has reached a technical limit due to the build-
up of dissolved substances in the process water. The high
contaminant concentrations in the process water make it
difficult to purify the water with conventional technologies.
Evaporation may be a suitable and effective solution. How-

ever, heat exchange surface fouling can significantly reduce
its feasibility. There is virtually no information publicly
available on the fouling potential of process water from re-
cycled containerboard mills in evaporators. This research
studies the fouling behavior of process water from recycled
containerboard mills in a custom-built pilot scale vacuum
evaporator. It includes the impact of deposits on heat trans-
fer, deposit characterization, and cleaning strategies.

MATERIALS AND METHODS
Process water

The trial was conducted with clarified process water from
an Australian recycled containerboard mill. The mill recy-
cles old corrugated containerboard (OCC) with a content
of up to 30% mixed recovered paper grades as raw mate-
rial for the annual production of 140,000 metric tons of
linerboard and corrugated medium. The water system of
the paper mill is restricted and discharges on average 2.4
m?3 of effluent per metric ton of paper produced. Figure 1
shows a schematic of the containerboard recycling process,
water system, and process water sampling point.

Water analytics
pH
The measurement was performed in accordance with
APHA Method 4500-H+B “pH Value in water by potentiom-
etry using a standard hydrogen electrode.” In the labora-
tory, a Metrohm 855 robotic titrosampler (Metrohm; Heri-
sau, Switzerland) was used.

Total suspended solids (TSS)

The measurement was performed in accordance with
APHA method 2540 D&E “Total Suspended solids dried at
103-105°” The TSS are solids that are retained by a glass
fiber filter with 2 um pores (Filtech grade 393). The residue
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on the filter is dried in an oven for 2 h at 105°C and weight-
ed afterwards.

Total dissolved solids (TDS, TDS%, TDSmg)

The measurement was performed in accordance with
APHA method 2540 C “Total dissolved solids dried at
180°C.” The TDS is the portion of solids that passes through
a glass fiber filter with 2 pm pores (Filtech grade 393). The
water of the filtrate is evaporated and the residue is dried
in an oven for 2 h at 105°C. Afterwards, filter and residue
are weighed and the mass of non-filterable dissolved solids
is calculated.

The organic, as well as inorganic, fractions are deter-
mined by combustion in a furnace at 550°C. The organic
fraction (TDS,,,,) is determined by the loss on ignition. The
incombustible residue of the sample is the inorganic frac-
tion (TDS, ).

Sulfate
The measurement was performed in accordance with
USEPA Method 375.4 “Sulfate by turbidity.”

A 5.0 mL conditioning reagent (hydrochloric acid [HCI];
alcohol; sodium chloride [NaCl] solution) was mixed into a
100 mL sample. While stirring, a spoonful of barium chlo-
ride (BaCl,) crystals was added and stirred for 60 s. The
fluid was transferred into the absorbance cell of a nephe-
lometer, and turbidity was measured every 30 s within 4
min. The maximum reading was recorded and the sulfate
concentration was determined in comparison with a sulfate
standard curve.

Volatile organic substances
A gas chromatography mass spectrometer with solid phase

micro extraction (GC MS SPME) was used to identify the
organic volatile substances of the liquid samples.

Five grams of water samples were weighed in 10 mL
headspace vials. The vials were sealed with a polytetra-
fluoroethylene (PTFE) lined septa and heated to 55°C for
20 min. A solid phase micro extraction (SPME) fiber was
used to absorb the volatiles from the headspace of the vial.
The fiber was then desorbed in the inlet of the gas chro-
matograph (Agilent 7890A; Agilent Technologies, Santa
Clara, CA, USA), and the volatiles were detected and identi-
fied by the mass selective detector (Agilent 5975 Series). A
chemical jonization spectrum was created and substances
that are a 90% or higher match to the criteria of the mass
spectrometry library from the National Institute of Stan-
dards and Technology (NIST) were identified [72].

Calcium-ion concentration

The calcium ion concentration was measured using an in-
ductively coupled plasma — optical emission spectrometer
(ICP-OES). The method was adapted from USEPA Method
2007 “Determination of metals and trace elements in water
and wastes by inductively coupled plasma-atomic emission
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spectrometry.” The inductively coupled plasma emission
spectrometer (Agilent 720) generates a plasma that ener-
gizes atoms in the water sample. When the atoms return to
a lower energy level, they emit rays. Depending on emitted
wavelength and intensity, atoms are identified and their
concentration is quantified.

Evaporator pilot plant
The purpose of the custom-built pilot scale evaporator is
to simulate the working principle of a full-scale vacuum
evaporator operating with mechanical vapor recompres-
sion. The plant consists of three sections: heating, concen-
tration, and separation, as well as a cooling section. The
heating section consists of an electric boiler, three heating
bodies, and a steam condensate recirculation pump. The
electrical boiler generates steam with a temperature of
140°C. The temperatures of the condensing steam (60°C)
and the evaporation temperature (55°C) are controlled with
venturi fittings that set the required under pressure.

The concentration and separation section consists of the
evaporator vessel, a circulation pump, and the distribution
system. The circulating concentrate is distributed via 18 flat
spray nozzles that create a falling film that flows down-
wards over six heat transfer surfaces. Water and volatile
substances vaporize and exit the evaporator vessel into a
condenser that is supplied with cooling water (11°C) to con-
dense the vapor. The concentrate is collected on the bottom
of the evaporator vessel and circulated back to the distribu-
tion system. A defined volume of concentrate is continu-
ously discharged.

A control panel provides continuous monitoring of
temperatures, pressures, and pump operation. From the
pump runtimes, in combination with the dimensions and
operating conditions of the pilot plant, the evaporation
rate and the concentrate discharge flow rate can be cal-
culated. Figure 2 shows the process and instrumenta-
tion diagram, as well as the evaporator pilot plant equip-
ment as installed on site.

The process water is collected from the drum clarifier of
a recycled containerboard mill (Fig. 1) and stored in an in-
termediate bulk container (IBC) tank (~1,200 L) that is re-
filled once a day. The feed flow rate into the pilot plant is
monitored by a magnetic inductive flow meter (IFM,
SM7000).

The heat transfer surfaces are vertical lamellas with a
sheet thickness of 1.2 mm and cavity width of 6 mm. Two
of the installed lamellas are made from austenitic stainless
steel (304SS) with a 320 grit surface finish (Ra 0.3 pm). The
third lamella is made from duplex stainless steel (2205)
with a mirror polished surface (Ra 0.2 pm). The combined
heat transfer area of the three lamellas is 1.0416 m2. The
specific evaporation capacity of the pilot plant is 14.5 kg/
(h.m?). The recirculation pump has a design flowrate of
1,000 kg/h, resulting in a transfer rate of 960 kg/(h.m>2).
With a combined heating surface width of 1.2 m, the wet-
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ting rate can be calculated as 8.9 L/(cm.h).

Preliminary testing confirmed that the liquid distribu-
tion system gave an equal flow to each nozzle. The tem-
perature distribution over the heating surfaces is uniform.

Mass balance

The mass balance determines the flow rate of the individ-
ual partial streams, the recovery rate, and the concentrating
factor.

The feed water flow rate is measured and compared to
changes in the level of the feed tank. Condensate as well
as concentrate flow rates are calculated from the pump
runtime and the displacement volume of the pumps.

ey

Mpeed = Mcondensate T Mconcentrate

The mass balance (on a volume basis) is within a tolerance
of 0.05 L/h. Variations were due to changing displacements
volumes of the pumps with ambient temperature.

The ratio of condensate to feed gives the condensate re-
covery rate (RR):

RR = Mcondensate , 1000, (2)

MFeed

The ratio of feed to concentrate gives the volumetric con-
centration factor (VCF):

MFeed (3)

Mconcentrate

VCF =

With increasing recovery rate, the concentrating factor
increases exponentially. For better control of the pilot plant
process, to minimize strong fluctuations, and to obtain re-
liable data, the concentrating factor was set to around 10.

Considering concentrations of contaminants in the pro-
cess water as determined from laboratory results, the se-
lectivity of the process and volatility of substances was
determined by either removal efficiency of contaminants
from the feed water, or concentrating factor of contami-
nants in the concentrate:

Creed * Mreed = Ccondensate * anndensate+ Cconcentrate * Mconcentrate

The specific concentration factor (CF) of individual non-
volatile contaminants is the ratio of the concentration of a
particular species in the concentrate to the concentration
of the same species in the feed water:

CF = Cconcentrate (5)

CFeed
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The removal efficiency (RE) is the ratio of the concentra-
tion of a particular contaminant species in the feed water
to the concentration of the same species in the condensate:

__ CFeed—cCondensate
cFeed

RE *100% (6)

Thermal energy balance
To evaluate the impact of fouling on heat exchange, heat

transfer coefficient is monitored. The overall heat transfer
coefficient (U) is calculated from the heat transfer rate (Q),
the differential temperature (A7), and the heat exchange
surface area (A):

U=y 7

Below is the detailed heat transfer coefficient (HTC) calcu-
lation based on parameters from the pilot plant control
panel:

HTC = [(Tsteam=T ing) * Cpv +AHy + (T, ing— T P)*Cp‘l]* Msteam
A (Tcondensing— Tevaporatng)
®)
where T, oruing 1S the evaporation temperature, T, is the

steam temperature provided by the steam generator,
T ondensing 1S the steam condensing temperature, 7, ensate i
the steam condensate temperature, AH,, is the latent heat
of evaporation of the steam, and C, , and C,,, are the vapor

and liquid specific heat capacities, respectively.

Thickness measurement

The thickness of deposits on the heating surfaces was de-
termined using a coating thickness gauge (VDIAGTOOL
VC-100; Shenzhen Chuang Xin Hong Technology Co. Ltd.;
Shenzhen, Guangdong, China). The measurement range is
0.0-2.0 mm with a resolution of 0.05 mm. To assure accu-
rate measurements, the deposits were dried for 12 h before
using the thickness gauge.

Scanning electron microscopy and energy-

dispersive X-ray analysis
An FEI Nova NanoSEM 450 FEG (FEI Co.; Hillsboro, OR,
USA) scanning electron microscope (SEM) with an energy-
dispersive X-ray (EDX) detector (Quantax 400, Bruker;
Mannheim, Germany) was used to characterize deposit
samples collected from the heat transfer surfaces. Scanning
electron microscope imaging was used to identify the mor-
phology of the samples. An X-ray analysis was used for the
elemental analysis of the samples.

Cleaning procedure
Two cleaning strategies were evaluated; an acidic wash and
a hydraulic wash. Prior to the acidic wash, the concentrate
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3. Process flow diagram showing average flow rates, total dissolved solids (TDS), and total suspended solids (TSS) concentrations
in the evaporator inlet and outlet streams (VFR = volumetric concentration factor; RR = condensate recovery rate).

was drained from the evaporator vessel and the heating
surfaces were rinsed by circulating tap water. The deposits
on the heating surfaces were then dried to measure their
thickness and take samples. For the acidic wash, a targeted
pH of 2 was arranged by addition of sulfamic acidic solu-
tion. The concentration of the solution was approximately
2.1 g/L, and the wash lasted for 12 h.

After the heating surfaces and remaining deposits were
dried again, the hydraulic wash followed. The heating sur-
faces were sprayed with tap water with a pressure of ap-
proximately 3 bar.

Experimental procedure
The pilot plant fouling study was conducted in the follow-
ing three phases:

Phase I (days 1-35)

In accordance with the maintenance schedule of the paper
mill, the pilot plant evaporator was operated continuously
for five weeks. The RR was set to 86% (CF 7). In this time
period, the water chemistry of the concentrate was ana-
lyzed to evaluate the impact of evaporation on the fouling
potential of the concentrated process water. The impact of
potential deposit formation on the heating surfaces on the
thermal energy balance was evaluated by calculating the
HTC. At the end of phase I, not enough deposits were
formed on the heating surfaces to take samples. Therefore,
the trial was continued with increased RR in phase II.

Phase II (days 36-50)

To obtain deposits suitable for characterization, the trial
was continued for another 15 days with intensified fouling
conditions. To promote deposit formation, the RR was in-

creased to 90% (CF 10). By analyzing where deposits
formed, conclusions were drawn as to what caused deposi-
tion in the affected areas.

Phase 111

After 50 days of continuous operation, the pilot plant evap-
orator was shut down to take samples for analysis and to
evaluate the effectiveness of acidic and hydraulic wash on
the removal of deposits from the heating surfaces.

RESULTS AND DISCUSSION

Impact of evaporation on the fouling potential of

process water from recycled containerboard mills
The process water of recycled containerboard mills with a
restricted water system is characterized by high concentra-
tions of calcium ions. Therefore, the potential for calcium
salt fouling is of concern. During evaporation, the concen-
tration of calcium ions is further increased, and the super-
saturation concentration of salts present in the water may
be exceeded. Based on the mass balance of contaminants
in the water, the impact of evaporation on the fouling po-
tential is evaluated. The pilot plant is operated with an
evaporation rate of 14.5 L/h and a concentrate discharge
volume of 2.3 L/h. This leads to a VCF of 7.3 and a result-
ing RR of 86%, as illustrated in Fig. 3.

Substances in the process water fed to the evaporator
with a boiling point significantly higher than water are
expected to be concentrated and are eventually dis-
charged from the evaporator with the concentrate. Sub-
stances with a boiling point similar to or lower than water
are expected to evaporate. As the process water is char-
acterized by relatively high concentrations of VFAs that
potentially contribute to the solubility of calcium carbon-
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Feed Water Condensate Concentrate Re_n]oval Gtz
Efficiency Factor

pH - 5.8 3.5 6.0 - -
TS (TDS +TSS) mg/L 9,498 - 63,770 - 6.7
TSS mg/L 173 0 1,570 100% 9.1
TDS mg/L 9,325 - 62,200 - 6.9
TDSorganic mg/L 5,775 - 35,400 - 6.1
DS, organic mg/L 3,550 - 26,800 - 75
Caz+ mg/L 903 - 6,900 - 73
VFAs* mg/L 2,766 408 15,757 85.2% 5.7
SO, mg/L 475%*
* Sum of acetic, propionic, and n-butyric acids.
**Average of 18 samples taken prior to the trial.
TS = total solids; TSS = total suspended solids; TDS = total dissolved solids; Ca2?* = calcium ion; VFAs = volatile fatty acids;
COD = chemical oxygen demand, SO, = sulfate; TOC = total organic carbon.

Il. Concentrations of selected contaminants in the partial streams of the evaporator, removal efficiencies, and concentrating factors.

ate, the entrainment of VFAs in the vapor and the impact
on the fouling potential were particularly of interest.
Using the terminology of wastewater treatment, the rela-
tionship between the concentrations of a contaminant in
the condensate to the process water is expressed as the
removal efficiency. Table II shows the concentration of
various contaminants in the process water, condensate,
and concentrate, as well as their corresponding concen-
trating factors (Eq. 5) and removal efficiencies (Eq. 6). The
data presented is based on the averages from regular
measurements during the period of the trial.

The total solids (TS), which represents the sum of all
organic and inorganic constituents, suspended as well as
dissolved, in the process water were concentrated from
9,498 to 63,770 mg/L. This is a CF of 6.7, which is 8.2%
less than the VCF of 7.3. As there is no carry-over of sus-
pended solids to the condensate, the difference is entire-
ly due to volatile substances. The CF of the organic frac-
tion of TDS is 6.1, a discrepancy of 17% compared with
the VCF. This is in good agreement with the 14.8% of
VFAs that are carried over into the vapor phase. There-
fore, it can be assumed the deviation in CF for these spe-
cies and VCF overall is primarily due to the entrainment
of VFAs in the vapor phase (condensate), where on aver-
age 408 mg/L are obtained. This carryover of VFAs also
explains the increase in pH of the concentrate to 6.0 com-
pared with the feed pH of 5.8, as well as the low pH of
3.5 of the condensate. It should be noted that the dis-
crepancy is not due to density change. The density of an
acetic acid solution with a concentration of 1 wt% is
0.9996 g/cm3 compared to 1.0052 g/cm3 of a solution with
a concentration of 5 wt%. The concentrations of the ana-
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lyzed samples vary between 0.0408% and 1.5767%. As a
consequence, differences in density were neglected in
this investigation, and the density was assumed to be 1
g/cm?3 for all samples.

The concentration of calcium ions in the concentrate
was 6,900 mg/L on average. The pH was 6, and the evap-
oration temperature was 55°C. Therefore, the fouling po-
tential increased compared to the process water. Accord-
ing to experimental data from literature, these conditions
could lead to precipitation of calcium carbonate and sur-
face fouling in the evaporator [54]. Due to the elevated
temperatures, supersaturation is primarily expected to
occur on the heat transfer surfaces. Based on the atomic
proportion, 6,900 mg/L of calcium ions would form up
to 17,250 mg/L of calcium carbonate. Therefore, theoret-
ically, in 35 days of operation, up to 243 kg of calcium
carbonate could precipitate or deposit as foulant on the
surfaces of the evaporator. The density of calcium carbon-
ate is 2.71 g/cm3. If buildups were not stopped due to the
thermal resistance, this would be a theoretical thickness
of 8.6 cm on each of the heating surfaces, assuming even
coverage of the lamella surfaces. This theoretical calcula-
tion is to demonstrate the potential highly adverse and
noticeable effect on the thermal energy balance that this
concentration of calcium ions could have. However, as
the concentration factor of calcium ions does not differ
from the VCF, quantitative precipitation of calcium salts
did not occur. Also, the daily visual inspections did not
show noticeable ongoing deposition on the heating sur-
faces. Nonetheless, as thermal transmittance could also
be impacted by very minor quantities of deposits, the
HTC was monitored and is reported in the next section.
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4. Daily heat transfer coefficient over the first 35 days of evaporator operation (error bars: + 15%).

Monitoring heat transfer coefficient
Also, when the concentration of calcium ions is high, the
mass balance does not suggest ongoing fouling. However,
due to the low thermal transmittance of calcium salt depos-
its, minor quantities should already affect the thermal en-
ergy balance. Therefore, the HTC was monitored.

Evaporation is an energy intensive water treatment
method, and maintaining energy efficiency is critical for a
viable operation. The economic feasibility of evaporation
for the internal purification of process water in recycled
containerboard mills heavily depends on whether deposit
formation on the heating surfaces impacts the thermal en-
ergy balance. Due to the high calcium ion concentration in
the process water, the potential for surface fouling is pre-
sumably high. The HTC of the evaporator pilot plant was
monitored over a period of 35 days. This is the maximum
time between two maintenance shutdowns at the specific
paper mill where the pilot plant is located. The data points
are presented in Fig. 4.

The HTC (Eq. 7) was calculated every day except day
9 and day 33. As can be observed in Fig. 4, the HTC was
subject to fluctuations. Due to the small dimensions of the
plant, the process is sensitive to temperature changes, of
which there are several sources. The H7C fluctuations relate
to variations in ambient and process water temperatures.
The pilot plant is located in a well-ventilated chiller room.

During working hours, the ambient temperature ranged
between 16°C and 32°C. The process water temperature
ranged between 20°C and 42°C, depending on the temper-
ature of the process water at the time of sampling, the chill-
er room ambient temperature, and the water storage time.
The pilot plant is only partly insulated to avoid overheating.
A temperature change of 0.7°C of one of the temperatures
used for calculating heat transfer coefficient results in a
change of up to 350 W/(m2.C), which corresponds to a 15%
deviation from the initial HTC of 2,400 W/(m2.C). The error
bars shown in Fig. 4 indicate this fluctuation range.
Deposits on the heat transfer surfaces would increase
thermal resistance and cause a reduction in HTC over time.
However, an overall downward trend of HTC over the time
of 35 days was not observed. This means that there is no
measurable adverse effect on heat transfer in the evapora-
tor due to deposit formation on the heating bodies within
the usual maintenance schedule of the paper mill. The daily
visual inspections also confirmed that there was no gen-
eral deposit formation on the heating surfaces. Only mod-
erate deposits were found at the edges of the heating bod-
ies where the falling film did not sufficiently cover the
surfaces. This provided the chance to investigate what con-
stituents in the process water potentially form deposits. As
the formed deposits were not pronounced enough to take
samples, the trial was continued for another 15 days. To
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Parameter

Average

(days 1 to 50)

Average
(days 1 to 35)

Average
(days 36 to 50)

Maximum
Concentration

pH - 6.03 5.96 6.10 6.5
TS mg/L 68,156 63,770 75,467 113,400
TSS mg/L 2,031 1,570 2,800 3,400
TDS mg/L 66,125 62,200 72,667 110,000
TDS,ganic mg/L 38,125 35,400 42,667 67,000
TDS; 0rganic mg/L 28,000 26,800 30,000 43,000
Ca2+ mg/L 7171 6,900 7533 11,000
VFAs* mg/L 16,579 15,757 20,276 25,199
* Sum of acetic, propionic, and n-butyric acids.

TS = total solids; TSS = total suspended solids; TDS = total dissolved solids; Ca2+ = calcium ion; VFAs = volatile fatty acids.

Ill. Concentrate parameters in the different phases of the trial.

promote deposit formation, the recovery rate was increased
to 90%. As the changed concentration of the process water
impacts the thermal energy balance, HTC was no longer
monitored in this phase of the trial.

Localized deposit formation
The mass balance of calcium ions and the thermal energy
balance both suggest that there is no significant general cal-
cium salt precipitation. Visual inspections suggested local-
ized fouling in areas on the heat transfer surfaces where
wetting by the process water flow was insufficient. After 35
days of operation, the deposits were not pronounced
enough to take samples. Therefore, the trial was continued
for another 15 days. To promote deposit formation, the con-
centrate discharge volume was reduced from 2.3 to 0.33 L/h
to increase the corresponding RR from 86% to 90%, and
consequently, to raise the calcium ion concentration.
Table III gives the average values for key process param-
eters for day 1 to 50, day 1 to 35, day 35 to 50, and the max-
imum concentrations measured throughout the 50-day trial.

The average calcium ion concentration throughout the
trial was 7,171 mg/L, with a maximum of 11,000 mg/L (day
48). The pH was around 6. The high calcium ion concentra-
tion at near neutral pH could lead to supersaturation of
calcium salts. After 50 days of continuous operation, the
deposits on the grit 320 (Ra 0.3 pm) and mirror finish (Ra
0.2 pm) heat transfer surfaces were evaluated. The deposits
after 50 days of operation can be seen in Fig. 5.

As Fig. 5 illustrates, the distribution of deposits on the
heating surfaces is non-uniform. Moreover, it can be seen
that the patterns of fouling on the two heating bodies are
very similar. The thickness of the deposits was comparable
on both surfaces. Deposit formation occurred regardless of
the surface finish. It even appears that there is a larger area
affected on the mirror finish compared to the rougher grit
320 surface. Three regions with pronounced deposit forma-
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tion were identified and marked in Fig. 5. Deposits formed
predominantly from the top right of the surfaces (a), down
to the bottom right (b), as well as on the bottom left (o).

Deposit formation occurred where dry patches formed
due to insufficient wetting of the surfaces. Dry patches
present an opportunity for the formation of a nucleus, as
a smaller volume of process water covering the same area
on the heat transfer surface will result in more rapid evap-
oration, higher salt concentrations, and potentially super-
saturation, which therefore results in greater fouling.

The upper part of both heating surfaces, especially the
upper left quarter, is virtually free of any deposits. Here,
the falling film was stable and the surfaces were well cov-
ered. In contrast, the lower right sides of the surfaces show
fouling with a thickness of more than 2 mm. The reason
is that the falling film does not entirely cover the right
edges of the surfaces, and deposits form and further ad-
versely affect liquid flow, causing the deposits to grow and
spread. This explains why it appears that deposition in-
creases from top to bottom of the surfaces. Formed depos-
its redirect the falling film and lead to a channeling effect.
This can be seen at the bottom middle where the relative
higher flow rate due to redirected flow from deposits on
the sides prevented fouling. Deposits also formed on the
bottom left of both surfaces with a thickness of up to 1.4
mm. The reason again is dry patches; here, these are due
to shrinkage of the falling film.

Wetted surfaces such as the top left or the bottom middle
were well covered and salts did not reach their supersatu-
ration concentration, so therefore no fouling occurred. The
uniform distribution of the liquid and formation of a stable
falling film are crucial, as film thickness prevents super-
saturation of dissolved salts and flow velocity creates a
dragging force that washes off particles.

The insufficient coverage of the heating surfaces allowed
investigation of fouling of the process water that generally
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5. Deposits formed on the evaporator heating surfaces after 50 days of continuous operation.

does not form deposits under the investigated conditions.
The following characterization of deposits helped to iden-
tify the constituents in water that potentially cause fouling.
Moreover, it was possible to investigate cleaning strategies.

Deposit characterization

Deposit samples were taken from the three identified loca-
tions affected by fouling (Fig. 5). Only samples directly in
contact with the heating surfaces were characterized to
assure identification of the constituents that initiate de-
posit formation. The following characterization of the sam-
ples covers determination of organic as well as inorganic
fraction, morphology, and elemental analysis.

Dried Sample,

Incombustible,

Organic and inorganic fractions
Representative deposit chips were scraped off the heating

surfaces. First, samples were dried in an oven at 105°C.
Then, the loss on ignition was determined in a furnace at
550°C. The weight difference provides information about
volatile organic and incombustible inorganic material. The
results are shown in Table IV.

The analysis revealed that the composition of deposits
is consistent across the sampled areas of the heat transfer
surface and consists, on average, of 85% inorganic and 15%
organic material.

Organic Fraction, Inorganic Fraction,

g g % %
1 11.449 9.500 17.0 83.0
2 8.692 7.312 15.9 84.1
3 7.683 6.669 13.2 86.8
4 3.627 3.132 13.6 86.4

IV. Organic and inorganic fractions of deposit samples.
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6. Exemplary scanning electron microscope (SEM) image of scale deposited on the heating surfaces of the evaporator pilot plant

after 50 days of operation.

Morphology
Scanning electron microscope imaging provides informa-

tion about the morphology of the samples. The SEM image
in Fig. 6 shows the characteristic crystalline structure of
the deposits at a magnification of 3,000.

The morphology depicted in Fig. 6 shows flattened,
elongated, needle-like crystals. Clusters of sharp, bladed
plates in parallel arrangements form desert rose-like struc-
tures. This could suggest selenite, a form of gypsum that is
the dihydrate polymorph of calcium sulfate (CaSO, - 2 H,O).

Elemental analysis
The individual elements present in the samples were iden-

tified by energy-dispersive X-ray analysis (EDX). Figure 7
shows peaks for the elements oxygen, sulfur, and calcium.

The dominance of oxygen, sulfur, and calcium confirms
the assumption from SEM imaging. Therefore, deposits on
the heating surfaces are calcium sulfate. The calcium can
be traced back to the calcium carbonate that is contained
in graphical paper grades that enter the paper recycling
process with the recovered paper, and the sulfate stems
from kraft-containing packaging paper grades (pulp pro-
duced with the sulfate process). As CaSO, is not sensitive
to pH, a wash using EDTA might be more effective com-
pared to the sulfamic acid that was used.

Effectiveness of acidic and hydraulic washes
The prior sections demonstrated that the water chemistry
of recycled containerboard mills with restricted water sys-
tems does not cause general fouling. However, deposits
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were found in areas where the heating surfaces were not
covered sufficiently. Therefore, the effectiveness of clean-
ing strategies was investigated.

The thickness of deposits was measured after two clean-
ing steps in order to evaluate their effectiveness. Based on
the identified areas affected by fouling that are marked in
Fig. 5, the thickness of representative deposit samples was
measured. When the thickness of deposits varied, a range
is presented. The results for the mirror, as well as grit 320
surfaces, before and after acidic and pressure washes are
summarized in Table V.

The acidic wash reduced the thickness of deposits with
a thickness of up to 1.4 mm by up to 1.25 mm (mirror fin-
ish, area ¢). Deposits with a thickness of 2 mm were re-
duced by up to 1.1 mm (mirror, area b). The low-pressure
wash reduced the thickness of deposits with a thickness of
2 mm by up to 1.90 (mirror, b). The thickness of deposits
after acidic and hydraulic wash appears to be less on the
mirror finish compared to the grit 320. This may confirm
less persistent deposits and easier cleaning on smoother
surfaces.

Before each wash, the deposits were dried to determine
their thickness. Therefore, it needs to be considered that
the samples had to be rewet for each cleaning step. Fur-
thermore, it is worth mentioning that deposits formed in
areas because the surface coverage was not sufficient.
Therefore, the surface coverage during the acidic wash was
also reduced and similar channeling effects of the flow, as
well as film shrinkage, were also applied to the washing
process. This impacts the cleaning result.
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7. Results of scanning electron microscope-energy-dispersive X-ray analysis (SEM-EDX) analysis of the deposit presented in Fig. 6.

Mirror Finish Grit 320
Atter Acidic i After After
Wash Low Pressure Acidic Low Pressure
Wash Wash Wash
a) 0.70 0.10 0.10 0.70 0.40 0.10
b) >2.00 0.90-2.00 0.10-0.75 >2.00 1.40-2.00 0.90-2.00
c) 1.40 0.15 0.05 1.35 0.15 0.15

* As defined in Fig. 5.

V. Impact of acid and hydraulic washes on the deposit thicknesses (mm) on mirror finish and grit 320 heating surfaces.

CONCLUSIONS
The fouling behavior of process water from a recycled con-
tainerboard mill in a vacuum evaporator pilot plant was
studied.

After 35 days of continuous operation, the heat transfer
coefficient was not noticeably reduced by foulant deposi-
tion. After 15 more days of operation with increased con-
centration factor, there were still large areas of the heat
transfer surfaces without deposits. Fouling therefore did
not impact the energy efficiency within the usual mainte-
nance interval of a paper mill (35 days) and there was no
general fouling due to the specific water chemistry of re-
cycled containerboard mills despite the high calcium ion
concentration.

Deposits were only found locally in areas where the
heating surfaces were not sufficiently covered by process

water. For a potential scale up, this shows that the stability
and hydrodynamics of the falling film and surface wetting
are critical to avoid deposit formation. Buildups on the mir-
ror finish and grit 320 surfaces showed a similar pattern as
well as similar thickness, leading to the conclusion that
there is no significant advantage of designing a full scale
evaporator with a more expensive mirror finish compared
to grit 320 in regards to deposit formation.

Deposits with a thickness of up to 1.4 mm were re-
moved with a sulfamic acid wash. The deposits after clean-
ing appear to be slightly thicker on the grit 320 surface;
thus, it may be concluded that the mirror finish is easier
to clean compared to the grit 320 surface. The main con-
stituents in the deposits suggest calcium sulfate as foulant.
Therefore, cleaning with EDTA might be more effective
than sulfamic acid.
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The overall conclusion from this pilot plant study is that
the use of evaporators for recovering water in recycled con-
tainerboard mills is not limited by fouling, either from an
operational or an energy efficiency perspective. Evaporator
technology therefore presents a useful option for complete
water system closure in recycled containerboard mills where
conditions justify the investment and operational cost. TJ
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